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FOREWORD 


This  report  was  compiled  by  the  Aeronautical  Systems  Branch, 

Systems  Support  Division,  Air  Force  Materials  Laboratory,  Wrlght- 
Patterson  AFB,  Ohio.  It  was  Initiated  under  Project  7381,  "Materials 
Applications,"  Task  738107,  "Corrosion  Control  and  Failure  Analysis," 
with  Mr.  Fred  H.  Meyer,  Jr.  as  the  Project  Engineer.  The  1974 
Triservice  Conference  Is  a follow-up  to  three  similar  conferences  held 
In  1967,  1968,  and  1972. 

The  report  Includes  all  available  papers  from  the  1974  Triservice 
Corrosion  of  Military  Equipment  Conference. 

This  technical  report  was  submitted  by  the  author  In  February  1975. 

Proceedings  of  prior  conferences  are  available  In  AFML  Technical 
Report  TR-67-329  (1967)  and  In  Metals  and  Ceramics  Information  Center 
Report  MCIC  73-19. 

The  purpose  of  the  1974  Conference  was  to  continue  Interservice 
coordination  In  the  areas  of  corrosion  research  and  corrosion  prevention 
and  control.  Specifically,  the  objectives  were  to  make  Department  of 
Defense  personnel,  contractors  and  Interested  Individuals  aware  of  the 
Important  corrosion  problems  In  military  equipment,  to  present  the  status 
of  significant  corrosion  research  projects  currently  pursued  by  the 
military  services  and  to  provide  a general  forum  for  exchange  of 
corrosion  prevention  and  control  Information. 
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PRESENTED  BY 
LT  COL  JAMES  R.  UPP 
* HEADQUARTERS  USAF 

! 


TO  THE 

TRI-SERVICES  AND  AIR  FORCE 
WORLDWIDE  CORROSION  CONFERENCES 

29  Oct  1974 


THE  AIR  FORCE  CORROSION  AND  PREVENTION  AND  CONTROL  PROGRAM 


GLIDE  (l)  Today,  I will  review  the  Air  Force*  Corrosion  Prevention  and 
Control  program,  whloh  as  I will  explain  a bit  later,  has  been  given  the 
rather  appropriate  name  ’’Rivet  Bright".  I would  like  to  cover  our  program 
changes,  efforts  we  have  and  are  making  now,  and  then  where  we  are  heading 
in  the  future.  I would  be  the  last  to  represent  these  endeavors  as  the 
ultimate  answer  to  all  Ills.  But  they  are  a starting  point  from  which  we 
can  improve  and  expand  our  efforts.  None  of  us  is  singlely  capable  of 
providing  a panacea  to  the  many  interactive  relationships  associated  with 
the  corrosion  phenomenon.  However,  if  each  of  us  reason  and  work  together, 
there  is  hope  that  the  necessary  solutions  will  be  found. 

SLIDE  (2)  Corrosion  is  one  of  the  most  insldeous,  costly,  and  most  comnon 
destroyers  of  aerospace  systems  and  equipment  in  the  Air  Force  today.  It  is 
indiscriminate  as  to  where  and  when  it  stikes  and  is  highly  detrimental  to  the 
operational  capability  of  first  line  weapon  systems  and  equipment.  Corrosion 
prevention  and  control  is  never-ending  and  cannot  be  resolved  solely  by  the 
periodic  processing  of  aircraft  and  equipment  through  a depot  facility.  It 
must,  of  necessity,  start  at  the  lowest  echelons  and  be  routinely  practiced  on 
a regular  daily  basis.  Failure  to  do  so  generally  results  in  corrosion 
problems  of  major  magnitude  and  a subsequent  costly  corrective  program. 
Corrosion  today  is  causing  intolerable  costs  and  maintenance  problems  in  the 
field  and  at  overhaul  facilities.  Effective  corrosion  prevention  programs 
will  contribute  to  stopping  its  progress  before  it  affects  the  operational 
capability  of  a weapon  system.  Incorporation  of  preventive  measures  into  the 
design  and  development  of  new  systems  or  equipment  before  the  equipment  is 
exposed  to  severe  environmental  operating  conditions  will  contribute  signi- 
ficantly to  reducing  corrosion  problems  and  costly  maintenance  actions. 

SLIDE  (3)  These  tre  all  real  nice  words  and  they  definitely  relate  to  a very 
serious  and  costly  problem  in  the  Air  Force  today.  To  prevent  these  from 
becoming  "buzz  words",  we  want  to  have  a program  that  dynamically  addresses 
the  problem  from  systems  inception. 

Not  to  make  light  of  the  complexities,  scope,  or  effort  of  our  problems, 
the  real  thrust  to  minimizing  the  effects  of  corrosion  must  come  in  the 
"up-front"  considerations  of  the  design,  development  and  acquisition  processes. 
The  Air  Force  must  make  every  effort  to  reduce  support  costs  in  the  coming 
years  if  we  are  to  have  the  necessary  dollars  to  develop  and  operate  a viable 
Air  Force.  To  reduce  this  cost  of  ownership,  adequate  considerations  as  to 
the  corrosion  prevention  and  control  for  a weapon  system,  equipment  and 
subsystems  will  contribute  significantly  to  reducing  total  life  cycle  costs. 
Vithput  intelligent  and  effective  designed  in  corrosion  prevention,  no  amount 
of  field  or  depot  level  efforts  will  lick  the  problem.  The  philosophy  and 
direction  of  todays  AF  corrosion  program  is  now  receiving  ever  increasing 
importance . and  I can  assure  you,  emphasis  at  all  levels  of  command  and  manage- 
ment. 

SLIDE  (4)  To  illustrate  the  range  and  the  magnitude  of  the  corrosion  problem, 
let  me  cite  a few  facts  and  figures. 
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- It  has  often  been  thought  or  assumed  that  our  depot  work,  and  costs, 
were  causpd  by  wear  out  or  structural  repair.  This  isn't  the  case  anymore  - 
Actually  upwards  of  $60  of  the  FI  75  structural  repair  and  replacement 
manhours  was  caused  by,  or  related  to,  corrosion. 

- To  cite  a few  specific  aircraft  systems,  the  Air  Force  Logistics 
Command  has  spent 

- 31  million  dollars  on  corrosion  rework  of  the  C-130  during  FI  73/74 

- 12  million  on  the  C-141  during  the  same  period 

- over  2 million  on  corrosion  of  the  F^  in  FI  74 

- another  2 million  on  the  F— 11 1 during  FI73 

- and  now,  7 million  dollars  la  being  spent  to  repair  corrosion  damage 
on  the  B-52G  force  just  to  prevent  major  structural  repair  at  the  next  PDM. 

If  I may  stretch  a speakers  prerogative  just  a bit,  let  me  highlight  some 
examples  that  make  up  our  corrosion  losses: 

SLIDE  (5)  In  the  area  of  electronics  - this  relay  box  was  installed  unprotected 
in  the  nose  wheel-well  of  an  older  fighter  aircraft.  Similar  installations 
are  in  our  fleets  of  first  line  aircraft  and  still  causing  serious  problems. 

SLIDE  (6)  This  antenna  was  installed  on  an  ECM  pod  - it  had  been  held  in  a 
readiness  condition  (but  never  been  used)  and  I doubt  very  much  that  it 
would  be  very  effective  as  a penetration  aid  for  a fighter  attack  force. 

SLIDE  (7)  Switching  to  Maintenance  Structures- this  is  a C-130  longeron  end 
fitting  discovered  during  programmed  depot  maintenance. 

SLIDE  (8)  This  condition  was  found  under  a helicopter  cabin  floor  - over  and 
above  the  visual  finding,  it  also  relates  to  very  poor  maintenance  and 
housekeeping. 

SLIDE  (9)  This  was  a structural  member  of  a transportable  airborne  battlefield 
conmand  post.  Rehabilitation  costs  are  approaching  initial  costs. 

SLIDE  (10)  I certainly  would  hate  to  be  a downed  flier  depending  on  this  hoist 
during  a crunch  type  situation. 

SLIDE  (11)  Storage  is  an  often  forgotten  area. 

- This  outer  wing  spent  three  years  in  outside  storage  - this  was  found 
on  the  outside  of  the  wing  rendering  it  quite  useless  until  repaired. 

SLIDE  (12)  This  diesel  engine  was  used  for  about  6 hours  then  stored  in  sunny 
California  for  a year.  You  could  have  given  it  a good  wash  job  with  the 
quantity  of  water  found  inside. 


u you  can  surmise,  but  a snail  sampling.  I only  have  dwelt  on  this  with  you 
to  emphsis  that  ooouranoes  of  this  nature  must  be  reduoed  and  prevented  now, 
not  several  years  hence.  We  just  don’t  have  the  resources  available  to  us, 
either  in  the  0/M,  or  acquisition  pocketbooks  to  let  it  continue. 

SLIDE  (14)  The  Air  Force  Corrosion  Prevention  and  Control  program,  has  as  its 
goal  "The  reduction  of  the  deterioration  by  corrosion  to  aerospace  systems, 
equipment  and  components".  And  as  the  design  allowable  oriteria  of  our 
materials  become  more  restrictive,  corrosion  prevention  emphasis  becomes  more 
important.  To  increase  awareness  and  the  overall  emphasis  on  the  corrosion 
program,  it  was  given  the  official  nick-name,  "Rivet  Bright".  Someone 
apparently  felt  that  it  symbolized  a clean,  sound  weapon  system  that  is 
corrosion  free  and  operationally  ready.  Our  intention  is  to  use  "Rivet  Bright" 
to  highlight  and  Identify  the  impact  corrosion  has  on  the  Air  Force  mission, 
what  is  is  costing  us,  and  what  we  can  do  to  correct  the  situation. 

SLIDE  (15)  Our  corrosion  program  is  still  in  the  throes  of  re-vitalization. 
expansion  and  improvement.  Summarizing  briefly,  these  changes  include: 

- redirecting  a major  portion  of  the  program  to  a philosophy  of  prevention 
rather  than  control  - remembering  the  old  saying  "an  Ounce  of  Prevention". 

- clarifying  program  objectives  so  that  we're  all  headed  in  the  same 
direction. 

- expanding  Air  Staff  Involvement,  responsibilities  and  response  to  insure 
that  the  program  gets  the  visibility  and  support  it  requires. 

- directing  the  establishment  of  corrosion  prevention  advisory  boards  for 
all  new  major  weapon  systems,  including  prototype,  before  the  design  is 
finalized  and  full  scale  development  begins. 

- identifying  actions  to  insure  corrosion  prevention  requirements  are 
included  in  new  system  and  modification  programs. 

- enhancing  the  exchange  of  technical  and  management  information  to  insure 
that  the  latest  state-of-the-art  corrosion  technology  is  available  and  used. 

- expanding  ATC  training  emphasis  on  corrosion  prevention  and  control  in  all 
maintenance,  logistics  and  supply  curricula. 

Without  detailing  the  policies  and  procedures  of  Rivet  Bright, 

SLIDE  (16)  it  will  suffice  to  say  that  all  levels  of  management  and  conmand 
will  become  involved.  We  want  to: 

- Insure  that  operational  units  have  weapons  and  equipment  as  corrosion  free 
as  we  can  give  them. 

- minimize  the  impaot  of  corrosion  on  our  maintenance  capabilities 
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- use  our  resources.  both  dollars  and  paopla  power,  in  ths  Dost 
productive*  nannsr. 

- havs  continuous  eomaunication  with  industry  and  with  other  servioes 

to  promote  technological  advancements  and  to  adopt  such  advancements  to  Air 
Force  use.  ' 

- assure  oorrosion  prevention  technology  is  included  throughout  the  design, 
development,  fabrication,  operation,  and  maintenance  activities  of  a system 
life  oyole. 

SLICE  (17)  As  I said,  particular  emphasis  must,  and  will  be  direoted  toward 
incorporating  corrosion  prevention  into  the  acquisition  process  through 
what  ve  refer  to  now  as  "Up-Front  Logistics".  This  embodies  the  various 
programs  and  techniques  utilized  during  acquisition  of  systems  and  equipments 
to  consider  and  minimize  the  downstream  costs  of  ownership.  Of  major  importance 
in  regards  to  corrosion  is  the  feedback  of  design  or  material  deficiencies 
uncovered  in  operational  systems  and  equipments  so  that  they  can  be  minimized 
or  eliminated  in  future  designs. 

We  arist  insure  that  corrosion  prevention  and  control  is  given  adequate 
consideration  from  the  start,  even  in  protype  development.  Industury  and 
Government  cannot  in  the  interest  of  minimizing  prototype  costs,  delay  the 
inclusion  of  corrosion  protection  in  early  design  studies  for  it  will  heavilj 
burden  future  operating  costs  of  the  system.  The  implementation  of  corrosion 
prevention  advisory  boards  is  one  way  to  insure  that  such  technical  considerations 
are  made. 

While  I feel  that  we  now  have  "Rive  Bright"  headed  in  the  right  direction, 
and  have  optimistic  hopes  for  its  future,  I didn't  intend  to  leave  you  with 
the  feeling  that  we're  just  beginning  our  efforts  - To  the  contrary,  a great 
many  things  have  been  and  are  going  on  - each  of  which  has  had  a direct 
influence  on  changing  the  philosophy  and  attack  of  the  program. 

SHOE  (18)  In  addition  to  revising  the  regulation  governing  the  corrosion 
program,  which  was  published  on  18  October; 

- a HQ  PSAF  OPR  has  been  established  to  respond  to  the  needs  of  the  program 
and  insert  Front-end  Logistics  considerations. 

- An  AF  standard  for  materials  and  processes  for  corrosion  prevention 
and  control  has  been  drafted  and  will  be  going  through  coordination  shortly, 

- efforts  have  been  underway  to  establish  corrosion  prevention  advisory 
boards  for  the  ACF  and  AJST  and  the  ACF  board  is  now  being  formed. 

- an  excellent  training  film  for  corrosion  has  been  made  and  distributed 

- joint  AFLC/AFSC  command  corrosion  surveys  have  been  performed  for  most 
major  commands 


- PACER  LIME,  a corrosion  severity  classification  project  has  been  underway 


since  1972. 

* 

• productive  meetings  and  exchanges  of  information  have  been  held  both 
in  this  country  and  the  United  Kingdom  with  our  friends  in  the  RAF 

- a major  effort  has  been  launched  by  the  commands!  and  fully  supported 
by  the  Air  Staff,  for  acquisition  of  new/modernized  corrosion  control 
facilities 

• a long  term  te3t  and  evaluation  of  dessert  storage  procedures  has 
been  completed 

- the  general  series  technical  orders  relating  to  corrosion  were  revised 
and  subsequently  updated  - CEM  and  Storage  are  in  progress 

- extensive  materials  research  and  field  test  programs  have  been 
initiated 

• initial  efforts  to  develop  a corrosion  data  prediction  system  has  been 
started 

These  are  all  highly  productive  and  beneficial  efforts,  - But  they  are  only 
the  beginning.  I would  like  to  reiterate,  if  we  are  to  reduce  those  hundreds 
of  millions  of  dollars  corrosion  is  costing  the  AF  each  year,  a lot  more  has 
to  be  done,  and  without  much  more  delay. 

SLIDE  (19)  Let  me  mention  several  areas  where  I feel  .we  must  take  initiative 
and  start  something  moving.  Ve  must; 

- include  the  requirements  for  corrosion  prevention  considerations  for  a 
weapon  system  in  all  primary  acquisition  regulations 

• Identify  and  define  critical  areas  in  Rivet  Bright,  and  establish  the 
priorities  to  obtain  the  necessary  resources 

- develop  adequate  corrosion  programs  for  systems  and  equipment  other  than 
aircraft/missiles  - eg  avionics/electronics,  vehicles,  AGE 

- foster  .joint  service  coordination  and  interfacing  in  the  methodologies 
of  corrosion  program  management  and  reduce  any  unnecessary  duplication. 

- in  addition  to  predictive  efforts,  develop  a viable  and  productive 
corrosion  data  system  for  the  prevention,  contr  j1  and  repair  of  corrosion 
damage  on  all  systems  and  equipment. 

- motivate  industry  to  develop  and  use  materials  ami  techniques  that 
are  productive  in  preventing  and  reducing  corrosion 

• and  lastly,  establish  a direct  positive  interface  between  those  programs 

and  technologies  that  have  such  an  important  influence  on  each  other  - namely 
corrosion,  NDI  and  ASIP  / 
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SLIDE  (20)  In  conclusion,  I submit  that  these  are  the  challenges  of  the  present 
and  the  future.  In  the  past  we  concerned  ourselves  with  controlling  corrosion 
just  so  we  could  keep  our  heads  above  water.  To  continue  on  such  a path  is 
oost  prohibitive.  Today  the  pendulum  iB  moving  toward  emphasis  on  prevention 
as  the  best  and  most  cost  effective  means  of  controlling  corrosion.  To 
accomplish  our  goals,  it  will  require  the  development  and  implementation  of 
techniques  which  will  provide  incentives  to  improve  the  corrosion  protection 
of  a weapon  system;  optimize  resource  management;  and  resolving  the  conflict 
between  design-to-cost  goals  and  the  trade-off  flexibility  required  to  reduce 
the  cost  of  ownership.  The  need  and  the  task  is  there  - Now  all  that  is  required 
is  for  us  to  get  busy  and  get  it  done. 
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PROGRAM  OBJECTIVES 


Slide  17 


Slide  18 


ATC  CORROSION  CONTROL 


TODAY  I WANT  TO  GIVE  YOU  A GENERAL  IDEA  OF  THE  BASIS  FOR  THE  ATC 
CORROSION  CONTROL  EFFORT  BY  DESCRIBING  OUR  FLEET  AND  SOME  OF  ITS 
CHARACTERISTICS  AND  FOLLOW  THAT  WITH  A COUPLE  OF  PROBLEMS  WHICH 
HAVE  BEEN  ABSORBING  OUR  TIME  AND  EFFORT. 

THE  FLEET 

WHEN  SOMEONE  MENTIONS  A MAINTENANCE  PROBLEM  THAT  AIR  TRAINING  COMMAND 
IS  HAVING,  YOU  MAY  CHUCKLE  TO  YOURSELF  AND  WONDER  — NOW  WHAT  SORT  OF 
PROBLEM  COULD  ANYONE  HAVE  ON  AIRCRAFT  AS  SMALL  AND  UNSOPHISTICATED  AS 
THE  T-37  AND  T-38?  WELL,  LET  ME  ASSURE  YOU  THAT  WHAT  WE  MAY  LACK  IN 
SIZE  OF  OUR  AIRCRAFT  IS  MORE  THAN  OFFSET  BY  SHEER  NUMBERS.  THE 
PARKING  RAMPS  AT  OUR  UPT  BASES  ARE  LITTERED  WITH  TINY  AIRPLANES  — 
EACH  FLYING  TRAINING  WING  OWNS  FROM  165  TO  200  OF  THE  PRIMARY 
TRAINERS;  AND,  AS  YOU  WELL  KNOW,  CORROSION  IS  NOT  A PROBLEM  THAT 
DEPENDS  ON  THE  COMPLEXITY  OF  A WEAPON  SYSTEM. 

THE  T-38  IS  BUILT  FROM  A VARIETY  OF  MATERIALS  — STEEL,  MAGNESIUM, 
TITANIUM,  AND  OVER  10  DIFFERENT  ALUMINUM  ALLOYS.  WHILE  THIS  VARIETY 
OF  METALS  IS  NOT  UNIQUE,  THE  FACT  THAT  IT  IS  PACKAGED  IN  SUCH  A SMALL 
AIRCRAFT  WITH  LIMITED  ACCESSIBILITY  MAKES  CORROSION  CONTROL  ON  THE 
T-38  NO  SMALL  MATTER. 

ALTHOUGH  WE  DO  NOT  OFFICIALLY  PAINT  AIRCRAFT  FOR  APPEARANCE,  ONE  LOOK 
AT  A "STRIPPED"  '38  WOULD  MAKE  YOU  THINK  THAT  IF  AN  EXCEPTION  IS  EVER 
MADE  TO  THAT  RULE,  IT  WILL  BE  FOR  THE  '38.  SERIOUSLY,  THOUGH,  THE 
CONSTRUCTION  OF  THE  T-38,  WHICH  MAKES  EXTENSIVE  USE  OF  ALUMINUM 
HONEYCOMB,  HAS  PRESENTED  SPECIAL  PROBLEMS  WHICH  WE  HAVE  JUST  BEGUN  TO 
ADDRESS.  MORE  ON  THAT  LATER. 


OUR  OTHER  PRIMARY  TRAINER,  THE  T-37,  WAS  DELIVERED  TO  THE  AIR  FORCE 
AS  AN  ALUMINUM  AIRPLANE.  THE  MAJORITY  OF  EXTERIOR  SURFACES  ARE  CLAD 
ALUMINUM.  THROUGHOUT  THE  LONG  AND  USEFUL  LIFE  OF  THE  T-37  (WHIcfl  DATES 
BACK  TO  1956)  WE  EXPERIENCED  LITTLE  CORROSION  TROUBLE.  BUT  ABOUT  FOUR 
YEARS  AGO,  WE  COULD  FORESEE  MAJOR  PROBLEMS  DEVELOPING  ON  THE  EXTERIOR 
OF  THE  AIRCRAFT,  PRIMARILY  ON  THE  AFT  SECTION  AND  EMPENNAGE  IN  THE 
EXHAUST  TRAIL.  THE  CLAD  SURFACE  WAS  BEING  ERODED  AND  PITTING  CORROSION 
WAS  ATTACKING  THE  BASE  METAL,  QUITE  SEVERELY  IN  SOME  CASES.  FOLLOWING 
A JOINT  AFLC/ATC  FLEET  SURVEY,  THE  DECISION  WAS  MADE  TO  PAINT  THE  T-37 
TO  HALT  THE  CORROSION  AND  ADD  MORE  YEARS  OF  USEFUL  LIFE  TO  THE  AIRFRAME. 
THE  CHOICE  OF  A PAINT  SCHEME  BECAME  A CONTROVERSIAL  MATTER,  WITH  ALL 
CONCERNED  AGENCIES  MAKING  RECOMMENDATIONS.  FINALLY,  A PLAIN  WHITE  PAINT 
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SCHEME  WAS  CHOSEN. 
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SO,  NOW  BACH  WING  OWNS  AT  LEAST  16S  TINY  AIRPLANES  WHICH  ARE  PAINTED 
AS  A PRIMARY  MEANS  OF  CORROSION  PREVENTION.  EACH  WING  HAS  ONE 
CORROSION  FACILITY  FOR  STRIPPING,  COMPLETE  REPAINTING,  AND  MAJOR 
TOUCHUP  OF  THESE  AIRCRAFT. 

THE  COMPLETE  STRIPPING,  CORROSION  TREATMENT,  AND  REPAINT  OF  A T-37 
OR  T-38  REQUIRES  FIVE  FULL  WORKDAYS  TO  COMPLETE.  ON  A SMOOTH, 
UNINTERRUPTED  SCHEDULE,  EACH  AIRCRAFT  CAN  BE  BROUGHT  IN  FOR  A COMPLETE 
GOING-OVER  ONLY  APPROXIMATELY  ONCE  EVERY  FOUR  YEARS.  THAT  REALLY 
STRETCHES  THE  EFFECTIVE  SERVICE  LIFE  OF  ANY  PAINT  FILM,  PARTICULARLY 
ON  A SUPERSONIC  AIRCRAFT  LIKE  THE  T-38.  WE  HAVE  TO  MAINTAIN  TIGHT 
SCHEDULES.  EVEN  SO,  THE,  RANDOLPH  SHOP  MANAGED  TO  COMPLETE  THE  FIRST 
T-38  TRANSFERRED  TO  THE  'THUNDERBIRDS . 

THE  PROBLEMS 

WITH  THAT  BACKGROUND,  YOU  CAN  IMAGINE  THE  IMPACT  OF  THE  RECENT  SHORTAGE 
OF  POLYURETHANE  PAINT.  SOME  BASES  WERE  WITHOUT  PAINT,  WITH  THE  EXCEPTION 
OF  RESERVES  FOR  MINOR  TOUCHUP,  FOR  SIX  WEEKS.  IN  A SITUATION  LIKE  THIS, 
NOT  ONLY  ARE  THOSE  AIRCRAFT  CURRENTLY  IN  DIRE  NEED  OF  TREATMENT  DELAYED, 
BUT  ALL  THOSE  FURTHER  DOWN  THE  LINE  ARE  POSTPONED  AND  SUFFER  THE 
CONSEQUENCES.  WE  FOUND  THAT  WHILE  THE  MIL  SPEC  PAINT  WAS  NOT  AVAILABLE 
AT  GSA,  IT  WAS  AVAILABLE  FROM  THE  SAME  COMMERCIAL  SOURCES  THAT  SUPPLY 
GSA,  ALTHOUGH  AT  A HIGHER  PRICE.  WE  FEEL  THAT  PROBLEMS  OF  THIS  SORT 
COULD  BE  AVOIDED  OR  TEMPERED  BY  A PROVISION  FOR  A LONG  LEAD  WARNING  OF 
IMPENDING  SHORTAGES.  EVEN  THOUGH  CORROSION  PREVENTION  IS  MUCH  CHEAPER 
THAN  CORROSION  CORRECTION,  IT  IS  GOING  TO  COST  A GREAT  DEAL  MORE  IN  THE 
FUTURE. 

THE  IMMEDIACY  OF  THE  PAINT  SHORTAGE  IS,  I FEEL,  FAR  OUTWEIGHED  BY  AN 
INSIDIOUS  PROBLEM  WHICH  HAS  JUST  BEGUN  TO  SURFACE.  THIS  PROBLEM  IS 
PECULIAR  TO  HONEYCOMB  STRUCTURES;  AND,  IN  THE  T-38,  THAT'S  SERIOUS. 

FOR  A LONG  TIME  NOW,  WE'VE  HAD  TO  WATCH  HONEYCOMB  VERY  CLOSELY.  SKIN- 
TO-CORE  DISBOND  OF  HONEYCOMB  HAS  CAUSED  THE  FAILURE  OF  STRUCTURAL 
COMPONENTS  SUCH  AS  THE  WING  TIP.  WHEN  THE  WING  TIP  FAILS  AND  LEAVES 
THE  AIRCRAFT,  IT  CAUSES  FURTHER  DAMAGE  TO  THE  FUSELAGE  AND  RUDDER 
IN  ADDITION  TO  JEOPARDIZING  THE  AIRCRAFT  AND  CREW.  THE  WING  TIP  PROBLEM 
INTRODUCED  US  TO  THE  SPECIAL  PROBLEMS  OF  HONEYCOMB  AND  LED  US  INTO  A 
SEARCH  FOR  NDI  METHODS  TO  DETECT  DELAMINATION.  THE  RESULT  WAS  THAT  WE 
INTRODUCED  TO  THE  AIR  FORCE  INVENTORY  THE  COMMERCIAL  SONDICATOR  FOR 
HONEYCOMB  INSPECTION.  WE  DIDN'T  KNOW  IT  AT  THE  TIME,  BUT  DELAMINATION 
IS  A SYMPTOM  OF  OTHER  PROBLEMS  AND  NOT  NECESSARILY  A PROBLEM  BY  ITSELF. 

INCOMPLETE  OR  POOR  BONDS  BETWEEN  THE  SKIN  AND  CORE  OF  A HONEYCOMB  PANEL 
ALLOWS  THE  INTRODUCTION  OF  WATER  VAPOR  TO  THE  CORE.  THE  WATER  VAPOR 
CONDENSES  AND  OVER  A PERIOD  OF  TIME,  THE  CORE  FILLS  WITH  WATER  AND  A 
VARIETY  OF  FAILURES  RESULT: 
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A.  THE  MOISTURE  CORRODES  THE  SKIN  BETWEEN  THE  SKIN  AND  ADHESIVE 
AND  DEGRADES  THE  BOND  OVER  A LARGE  ENOUGH  AREA  TO  CAUSE  STRUCTURAL 
FAILURE. 

B.  THE  MOISTURE  CAN  FREEZE  AT  ALTITUDE  AND  CRUSH  THE  CORE  AND 
DELAMINATE  LARGE  AREAS  OF  THE  PANEL.  THIS  HAS  HAPPENED  ON  THE  RUDDERS 
OF  SEVERAL  T-38'S  AND  CAUSED  THE  LOSS  OF  A NUMBER  OF  RUDDERS. 

C.  THE  MOISTURE  SETS  UP  CORROSION  IN  THE  HONEYCOMB  MATERIAL  — 

ONLY  .0007  TO  .001  GAGE  ALUMINUM  AND  QUITE  HANDILY  EATS  AWAY  THE 
STRENGTH  OF  THE  PANEL  WITH  NO  EVIDENCE  OF  DELAMINATION. 

D.  THE  MOISTURE  ENCOURAGES  THE  SKIN  TO  CORRODE  TO  THE  POINT  THAT 
HOLES  ARE  EATEN  THRU  THE  PANEL  FROM  THE  INSIDE  OUT  — REGARDLESS  OF  HOW 
FINE  A JOB  CORROSION  CONTROL  SPECIALISTS  DO. 

WE'VE  KNOWN  FOR  A LONG  TIME  THAT  WE  HAD  SOME  MOISTURE  IN  OUR  HONEYCOMB, 
BUT  IN  THE  ABSENCE  OF  AN  INEXPENSIVE,  RELIABLE  INSPECTION  METHOD,  WE 
DIDN'T  KNOW  HOW  MUCH  OR  WHERE.  NOU  THAT  THE  KODAK  INDUSTREX  RADIO- 
GRAPHIC  PAPER  IS  AVAILABLE,  WE  CAN  INSPECT  THE  ENTIRE  HONEYCOMB  AREA 
OF  THE  T-38  FOR  MOISTURE  FOR  ABOUT  30  DOLLARS  IN  MATERIALS.  HERE  IS 
AN  EXAMPLE:  WE  JUST  RECENTLY  STARTED  A SAMPLE  INSPECTION  OF  THE  T-38 

FLEET  USING  THE  RADIOGRAPHIC  PAPER  IN  AN  ATTEMPT  TO  DETERMINE  THE 
EXTENT  AND  SEVERITY  OF  THE  MOISTURE  PROBLEM.  INITIAL  RESULTS  SEEM  TO 
INDICATE  THAT  IT  IS  NOT  THE  CLIMATE  OF  THE  AREA  WHERE  THE  AIRCRAFT  IS 
LOCATED  OR  THE  CARE  IN  HANDLING  AND  TREATMENT  IT  GETS  THAT  AFFECTS  THE 
MOISTURE  PROBLEM.  WE  SUSPECT  THAT  IT  IS  THE  BASIC  MANUFACTURING  PROCESS 
THAT  PERMITS  THE  INTRODUCTION  OF  MOISTURE. 

IN  OUR  EFFORTS  TO  SOLVE  OR  AT  LEAST  SOFTEN  THIS  CORROSION  PROBLEM, 

WE'VE  DONE  A LOT  OF  RESEARCH  AND  FOUND  A DEARTH  OF  INFORMATION  ON 
HONEYCOMB  AND  ITS  TREATMENT.  ONLY  ONE  GROUP  IS  ACTIVELY  PURSUING 
THE  PROBLEM  AND  THEY  ARE  HERE  AT  THE  MATERIALS  LAB  WHERE  A LONG  RANGE 
STUDY  AND  COMPILATION  OF  INFORMATION  IS  UNDERWAY.  THEIR  RESULTS  WILL 
BE  PUBLISHED  IN  THE  FORM  OF  A HANDBOOK,  I UNDERSTAND,  IN  A COUPLE  OF 
YEARS. 

IN  AN  AIRCRAFT  WHERE  SO  MUCH  OF  THE  STRUCTURE  IS  HONEYCOMB,  A SERIOUS 
PROBLEM  WITH  HONEYCOMB  CAN  CRIPPLE  THE  FLEET.  WITH  THE  T-38  MARKED 
FOR  SERVICE  'TIL  1985,  WE'VE  GOT  A REAL  CHORE  CUT  OUT  FOR  OURSELVES 
IN  THE  SEARCH  FOR  A SOLUTION  TO  THE  MOISTURE  PROBLEM. 

I HOPE  I'VE  GIVEN  YOU  AN  INSIGHT  INTO  SOME  OF  THE  CORROSION  CONTROL 
WORK  IN  ATC.  IF  NOTHING  ELSE,  I HOPE  YOU  REALIZE  NOW  THAT  THE  SIZE 
OF  AN  AIRCRAFT  DOESN'T  DICTATE  THE  SIZE  OF  ITS  CORROSION  PROBLEMS. 
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CORROSION  IN  AIRBORNE  ELECTRONIC  COUNTERMEASURES  EQUIPMENT 

by 

Thomas  K,  Moore,  Major,  USAF,  ASD/ENFSS 
James  R.  Myers,  Professor  of  Metallurgy,  AFIT/DET 


U.  S.  Involvement  In  Southeast  Asia  and  the  recent  Israell-Arab 
War  have  clearly  established  the  importance  of  airborne  electronic 
countermeasures  (ECM)  equipment.  Reliable  ECM  equipment  must  be  avail 
able  If  tactical  and  strategic  aircraft  operations  are  to  be  conducted 
effectively  with  a minimum  of  losses.  Unfortunately,  electronic  equip 
ment  is  vulnerable  to  various  forms  of  mechanical  damage;  It  is  also 
susceptible  to  deterioration  by  an  electrochemical  process  called 
corrosion.  Corrosion  can  occur  any  time  the  components  within  an  ECM 
package  are  exposed  to  an  aggressive  environment,  such  as  humid  air 
and  water.  Corrosion  damage  can  frequently  be  related  to  the  dense 
packaging  of  components  in  ECM  devices  which  often  results  in  the 
lntermetallic  contact  of  dissimilar  metals;  it  is  compounded  by  a 
general  lack  of  corrosion  prevention  during  fabrication  and  mainte- 
nance. As  a result,  a vide  variety  of  corrosion  forms  can  occur. 

These  include:  (1)  exfoliation  (intergranular  attack);  (2)  general 

corrosion;  (3)  concentration  cell  corrosion;  (4)  galvanic  corrosion; 
and  (5)  pitting  attack. 

The  purposes  of  this  paper  are:  (1)  to  examine  several  typical 

examples  of  corrosion  which  have  occurred  in  ECM  equipment;  (2)  to 
identify  the  form(s)  of  corrosion  associated  with  each  case;  and  (3) 
to  discuss  methods  of  minimizing  the  problem.  Basically,  it  will 
demonstrate  that  improved  manufacturing  processes  must  be  used  to  in- 
sure that  materials  susceptible  to  corrosion  will  not  come  into  con- 
tact with  a corrosive  environment. 

Waveguides  are  a typical  component  of  ECM  systems;  they  are  gen- 
erally fabricated  from  6061-T6  aluminum  alloy.  Because  waveguides 
can  be  large  structures,  they  are  assembled  from  sections.  This  means 
that  the  uncoated  waveguide  interior  can  be  exposed  to  an  aggressive 
environment  during  shipment,  when  for  example  the  packaging  falls  to 
provide  adequate  temporary  protection.  A typical  example  of  poor  pack 
aging  is  the  mere  placement  of  the  waveguide  section  in  a polyethylene 
bag,  secured  with  a rubber  band.  Poor  packaging  will  allow  moisture 


to  come  Into  contact  with  the  bare  metal  (which  la  required  to  obtain 
the  correct  electrical  properties  Inside  the  waveguide)  and  corrosion 
will  result. 

The  electrical  requirement  for  a bare  waveguide  Interior  surface 
makes  It  Impossible  to  coat  the  inside  of  the  waveguide  with  an  epoxy 
primer  (Ref.  1)  which  would  normally  be  required  inside  aluminum  tubing 
in  aircraft  (Ref,  2). 

Corrosion,  aa  shown  in  Figure  1,  Inside  waveguides  creates  an 
insulator  (hydrated  AI2O3)  on  the  surface;  this  significantly  decreases 
the  efficiency  of  this  electronic  component  in  providing  a propagation 
path  for  the  microwave  energy.  Being  a portion  of  the  transmitter,  the 
corroded  waveguide  results  In  less  energy  available  for  radiation  and 
a decrease  In  the  effectiveness  of  the  countermeasures  system. 

Since  in  this  application  the  use  of  paints  or  primers  to  provide 
protection  from  the  environment  would  result  In  unacceptable  electronic 
properties,  other  protection  must  be  used.  The  aluminum  waveguide  must 
be  Isolated  from  the  electrolyte  (water).  A close  fitting,  water- 
impervious,  molded  plastic  cap  to  close  off  the  end  of  the  waveguide 
would  provide  such  protection  and  make  this  uniform  attack  and  pitting 
less  probable.  This  low  cost  protection  provides  satisfactory  Isola- 
tion of  the  waveguide.  As  a result,  the  expense  of  replacing  this  com- 
plex-shape waveguide  can  be  avoided. 

An  array  of  spiral  antennae  (Figure  2)  is  used  as  a part  of  the 
receiver  section  of  certain  electronic  countermeasure  devices.  The 
spiral  of  copper  Is  fabricated  by  chemically  milling  (or  etching)  In 
an  acid  bath.  Material  not  needed  to  form  the  spiral  is  removed  by 
this  controlled  corrosion  process.  After  being  etched  in  acid  the 
spiral  Is  encased  in  plastic.  The  plastic  coating  provides  excellent 
environmental  protection  by  effectively  isolating  the  copper. 

Failures  of  these  antennae  have  been  reported  in  the  field  after 
several  months  of  service.  The  copper  spiral,  as  shown  in  Figure  2, 
undergoes  corrosive  attack.  Failure  analysis  established  that  the 
antenna  manufacturer  had  not  properly  removed  all  of  the  etchant  from 
the  copper  component's  surface.  Acid  was  therefore  included  along 
with  the  antenna  during  encapsulation.  Replacement  of  more  than  one 
hundred  antennae  was  necessary  to  remove  the  corroded  ones  from 
service . 

This  corrosion  experience  points  out  the  need  for  careful  process 
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FIGURE  2 - General  corrosion  of  copper  spiral  antenna  caused  by 

i acid  trapped  during  encapsulation. 


control  during  manufacture.  Many  large  electronic  flrma  buy  critical 
componenta  from  email  auppllere  who  have  Inadequate  knowledge  of  the 
corroeion  problems  which  can  be  Introduced  by  manufacturing  processes. 
Small  manufacturers  should  be  provided  finish-system  requirements; 
this  may  require  considerable  guidance  In  order  to  obtain  components 
which  meet  specified  requirements. 

Crevice  corrosion,  which  occurred  in  the  structure  of  one  elec- 
tronic countermeasure  pod  designed  for  external  carriage  on  fighter 
aircraft,  Is  evident  in  Figure  3.  Galvanic  corrosion  also  occurred 
because  of  the  dissimilar  alloys  which  were  in  intimate  contact.  The 
ring  structure  of  the  pod,  as  indicated  by  arrow  1,  Is  17-4PH  stain- 
less steel;  the  shell  structure  pointed  out  by  arrow  2 Is  2024  alumi- 
num alloy;  and  the  mechanical  fasteners  In  the  shell,  as  Indicated  by 
arrow  3,  are  AISI  8740  steel. 

Corrosion  products  ere  visible  In  the  crevice  between  the 
corrosion  resistant  steel  ring  and  the  aluminum  sheet  structure.  The 
aluminum  alloy  shell  also  shows  evidence  of  some  pitting  while  the 
steel  fasteners  are  covered  with  hydrated  ferric  hydroxide  (FeOOH) . 

This  structural  assembly  received  very  little  corrosion  protection. 
Only  the  aluminum  alloy  was  protected;  this  was  only  given  a chromate 
conversion  coating  (Ref.  3)  evan  though  dissimilar  metals,  as  defined 
by  MIL-STD-889  (Ref.  4),  are  present. 

Had  the  aluminum,  and  preferably  also  the  17-4PH  stainless  steel, 
been  primed  In  detail  before  assembly,  and  If  the  alloy  steel  fasteners 
had  been  installed  with  vet  primer,  the  corrosion  probably  would  not 
have  occurred.  Electrical  isolation  of  dissimilar  metals  Is  generally 
required  to  prevent  galvanic  corrosion.  Currently-used  coating  systems 
provide  considerable  resistance  to  electrochemical  attack  by  Isolating 
the  dissimilar  metals  and  preventing  the  penetration  of  the  electrolyte 
to  the  corrosion  cell. 

Numerous  failures  of  soldered  connections  have  been  found  during 
field  Inspection  and  repair  of  printed  circuits  and  other  electronic 
components.  In  many  Instances  the  failed  joints  have  shown  visible 
evidence  of  solder  flux  residues.  This  was  confirmed  by  chemical 
analysis.  In  corroded  solder  connections,  traces  of  rosin  and  of 
chloride  compounds  have  been  found.  While  rosin  is  less  corrosive 
than  zinc  or  ammonium  chlorides,  which  are  commonly  used  soldering 
fluxes,  even  mild  rosin  fluxes  contain  components  which  when  combined 
with  other  electrolytes  promote  corrosion. 
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Corrosion  of  soldered  connections  can  be  prevented  by  removing 
all  flux  after  soldering.  This  process  control  Is  essential  If 
corrosion  Is  to  be  avoided.  Methods  of  removing  corrosive  solder  flux 
Include  vapor  degreasing  (Kef.  5).  Solvents*  such  as  alcohol  or  ether, 
may  also  be  used  to  remove  fluxes  from  soldered  components.  Denison 
(Ref.  6)  has  described  the  problem  of  Improperly  cleaned  printed 
circuit  boards  and  provides  Information  on  both  the  need  and  methods 
of  cleaning  them. 

Another  example  of  corrosion  In  electronic  countermeasure  equip- 
ment Involves  bare  coaxial  connectors.  A partially  disassembled  hard 
coaxial  connector  shoving  corrosion  both  Inside  the  connector  and  on 
the  aluminum  alloy  structure  adjacent  to  the  connector  Is  shovn  In 
Figure  4.  The  materials  Involved  here  are  Type  303S  austenitic  stain- 
less steel  (the  connector  nut),  6061-T6  aluminum  alloy  (the  aluminum 
frame),  and  stlverplated,  copper-coated  steel  (the  central  element 
In  the  coaxial  cable). 

The  corrosion  inside  the  connector  occurred  because  water  seeped 
Into  the  area.  Water  will  penetrate  to  the  central  conductor,  when 
the  connector  nut  Is  not  properly  torqued  during  manufacture  or  routine 
maintenance.  When  properly  torqued  the  nut  will  prevent  water  from 
penetrating  the  connector  and  providing  the  electrolyte  necessary  for 
corrosion.  Reliability  of  this  ECM  system  improved  after  the  Insti- 
tution of  stringent  quality  control  measures  in  manufacturing,  Includ- 
ing the  checking  of  each  threaded  connector  for  proper  torque  values. 

It  should  also  be  noted  In  Figure  4 that  exfoliation  of  the 
aluminum  alloy.  Indicated  by  arrow  2,  occurred  near  the  connector  nut. 
The  connector  nut  was  so  close  to  the  aluminum  frame  that  a drop  of 
water  could  bridge  the  gap  between  the  two  components.  The  presence 
of  this  electrolyte  In  an  area  where  the  chromate  coating  had  been 
partially  removed  from  the  aluminum  alloy  frame  by  mechanical  action 
during  nut  installation,  served  to  complete  the  corrosion  cell. 

To  demonstrate  more  clearly  the  nature  of  the  attack  which  occurs 
when  a galvanic  couple  of  6061  aluminum  alloy  and  Type  303S  corrosion 
resistant  steel,  metallically-connected  specimens  of  these  materials 
were  exposed  by  the  authors  to  aqueous  environments  for  extended  times. 
These  6000  hour  tests  Included  exposure  to  both  oxygen-saturated  water 
and  to  an  oxygen -saturated  3.5Z  NaCl  solution.  It  is  known,  but  not 
widely  appreciated,  that  6061-T6  aluminum  alloy  can  exfoliate.  An 
example  of  exfoliation  in  this  alloy  is  shown  In  Figure  5. 
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FIGURE  4 - Corrosion  inside  hard  coaxial  connector.  Note  that 

exfoliation  of  the  6061-T6  aluminum  also  occurred  near 
the  connector  nut. 
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Exfoliation  corroaion  of  the  aluminum  alloy  itructura  could  have 
been  prevented  by  designing  the  connection  so  that  the  nut  was 
physically  more  distant  from  the  plate,  (l.e.,  so  that  a drop  of  water 
could  not  be  supported  between  them) . It  could  also  have  been  avoided 
or  greatly  reduced  by  the  application  of  a primer  cost  to  the  conver- 
sion coated  aluminum  alloy  surfaces. 

CONCLUSION 

The  examples  of  corrosion  which  have  been  shown  are  only  a few 
of  those  which  have  occurred  in  ECM  systems.  Since  dissimilar  alloys 
will  continue  to  be  used  in  closely -packed  electronic  components,  it 
is  vital  to  provide  corrosion  protection  to  these  systems.  ECM  com- 
ponent materials  are  selected  on  the  basis  of  their  electronic  pro- 
perties; in  many  cases  inherent  corrosion  resistance  is  not  a materials 
selection  factor.  Environmental  protection  is  therefore  mandatory  if 
corrosion  Is  to  be  avoided. 

Improved  manufacturing  process  control  is  necessary  to  avoid  the 
use  of  methods  which  can  result  in  corrosion  of  the  end  item  In  ser- 
vice. Thorough  removal  of  corrosive  substances  such  as  etchants, 
soldering  and  brazing  fluxes,  good  cleaning  practices,  and  correct 
heat  treatment  of  alloys  are  all  effective  methods  of  reducing  the 
probability  of  corrosion. 

Protective  coatings  can  also  provide  effective  corrosion  protec- 
tion. Whether  they  are  protective  covers  and  closures  for  maintenance 
use,  primers  and  finish  systems  for  coating  structural  components, 
conformal  coatings  for  circuitry,  or  hermetrlcslly  sealed  containers 
for  particularly  critical  Items,  protective  coatings  help  Isolate 
susceptible  materials  from  hostile  environments.  Greater  use  of  pro- 
tective coatings  appears  to  be  a convenient  and  effective  way  to 
reduce  corrosion  In  ECM  equipment. 

When  ECM  equipment  Is  shipped  or  stored  the  packing  materials 
must  provide  adequate  environmental  protection.  Attention  must  be 
given  to  providing  packaging  which  provides  protection  from  hostile 
environments  and  yet  which  is  Inexpensive  and  easy  to  use. 

Corrosion  can  also  be  avoided  by  Improved  design.  Features  such 
as  drain  holes,  seals,  careful  component  placement,  and  the  elimina- 
tion of  pockets  which  trap  fluids  reduce  corrosion  susceptibility. 

A designer's  judicious  choice  of  materials  and  processes,  coupled  with 
his  knowledge  of  and  desire  to  avoid  corrosion  creating  situations 


can  greatly  Increase  ECM  system  reliability  and  reduce  the  life 
cycle  cost  of  this  vital  military  equipment. 


REFERENCES 


1.  MIL-P-23377C,  Primer  Coating,  Epoxy  Polyamide,  Chemical  and 
Solvent  Resistant,  26  August  1969. 

2.  MIL-F-7179E,  Finishes  and  Coatings;  Protection  of  Aerospace 
Weapon  Systems,  Structures  and  Parts;  General  Specification 
for,  15  November  1972. 

3.  MIL-C-5541B,  Chemical  Conversion  Coatings  on  Aluminum  and 
Aluminum  Alloys,  14  October  1968. 

4.  MIL-STD-889,  Dissimilar  Metals,  25  September  1969. 

5.  Metals  Handbook,  Vol.  2,  American  Society  for  Metals,  1963, 

pp.  339-340.  * 

6.  J.W.  Denison,  Jr.,  Cleaning  of  Printed  Circuit  Boards  to 
Remove  Ionic  Solis,  Paper  027,  CORROSION/74,  Chicago,  IL., 
4-8  March  1974. 


PROTECTIVE  COATINGS  FOR  TET  ENGINE  COMPRESSOR  COMPONENTS 


Dr.  Martin  Weinstein 


Turbine  Support  Division 
Chromalloy  American  Corporation 
San  Antonio , Texas  78219 


ABSTRACT 


General  corrosion  mechanisms  of  alloy  steel  jet  engine  compressor  com- 
ponents are  discussed.  Basic  emphasis  is  placed  on  the  effects  of  oxidation- 
aqueous  corrosion  on  component  integrity  and  engine  performance.  The  effect  of 
protective  coatings  will  also  be  discussed  both  in  terms  of  effectiveness  of  protec- 
tion as  well  as  engine  performance  characteristics.  Examples  of  coating  perfor- 
mance in  such  engines  as  the  Pratt  and  Whitney  J-57,  Allison/Rolls  Royce  TF-41 
and  United  Aircraft  of  Canada  T400  will  be  given. 

I.  INTRODUCTION 

The  excellent  performance  of  the  gas  turbine  engine  in  commercial  and 
military  aviation  is  a matter  of  record.  It  is  questionable  whether  the  extent  of 
commercial  air  travel  presently  taken  for  granted  could  have  been  possible  without 
the  reliability  and  quality  built  into  the  Pratt  & Whitney  JT3D,  JT4  and  JT9D,  the 
G.E.  CJ610/CF700  and  CF6  and  the  Rolls  Royce  Spey  and  RB211  engines.  These 
engines  have  performed  remarkably  well  and  have  maintained  their  basic  economic 
position  through  many  years  of  service. 

The  characteristics  of  these  engines  in  combination  with  their  commer- 
cial air  frames,  however,  vary  considerably  from  those  of  their  military  counterparts, 
such  as,  the  Pratt  & Whitney  J57,  J75  and  TF33,  the  G.E.  J79,  J85  and  TF39  and  the 
Rolls  Royce/AUison  TF41.  These  engines  in  combination  with  their  air  frames  nor- 
mally experience  much  higher  stress  levels  as  well  as  considerably  more  severe 
environmental  conditions.  For  this  reason,  one  immediately  assumes  that  more 
complex  mechanical  designs,  as  well  as  without  question,  superior  grade  materials 
would  be  used  in  the  military  counterpart  engines.  Although  often  military  hardware 
initially  assumes  complex  geometries  as  well  as  utilizes  higher  grade  materials, 
the  facts  of  engineering  life-cost,  maintainability,  and  reliability  often  take  prece- 
dence . 

The  bulk  of  this  paper  will  be  spent  describing  what  can  be  classified  as 
an  engineering  approach  to  the  reliability  and  cost  effective  design  of  military  jet 
engine  compressor  hardware.  By  utilizing  surface  treatments  such  as  pack  alumi- 
nizing, one  can  produce  a component  that  often  can  more  effectively  perform  in  the 
environmental  conditions  encountered  in  severe  military  missions  than  more  expen- 
sive homogeneous  materials.  Where  possible  presently  utilized  designs  are 
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described  and  comparative  cost  factors  are  Introduced  Indicating  the  benefits  o 
utilizing  composite  coating -base  metal  technology  rather  than  designing  utlllzlr. 
bulk  properties. 

II.  MATERIALS  USED  IN  JET  ENGINE  COMPRESSOR  COMPONENTS 

In  order  to  help  describe  the  fundamental  mechanisms  and  methods  for 
prevention  of  corrosion  in  jet  engine  compressors  a description  of  materials  used  in 
present  day  engines  Is  given.  Figure  1 is  a schematic  of  a jet  engine  compressor 
pointing  out  the  placement  of  rotor  blading,  rotor  spacers,  rotor  disks,  stator  vanes 
and  air  seals  that  make  up  the  assembly.  Table  1 gives  a summary  of  the  major 
materials  utilized  In  conventional  gas  turbine  engine  compressors.  Rather  than 
going  over  detailed  metallurgical  reasons  for  the  specific  use  of  each  material  a 
short  generalized  description  of  each  material,  enough  to  aid  in  the  evaluation  of 
corrosion  phenomena  and  related  protective  coatings  is  given. 

A Description  of  the  Material  Applications 

(1)  Disks  and  Spacers 

AMS  4340  and  AMS  6304  are  the  most  often  utilized  materials  for  com- 
pressor disks  and  spacers.  These  are  normally  used  in  the  forged  condition.  The 
use  of  very  high  strength  low  alloy  steels  is  necessary  since  these  components  are 
very  highly  stressed  particularly  during  aircraft  takeoff  and  landing.  Disks  are 
therefore  often  low  cycle  fatigue  limited.  These  low  alloy  steels  are  obviously  ex- 
tremely susceptible  to  marine  corrosion  damage,  therefore,  they  are  almost  always 
coated.  Since  these  materials  lose  their  strength  above  800 °F,  in  new  compressors 
nickel  base  alloys  such  as  Inco  718  are  often  used.  T1-6A1-4V  disks  are  often  used 
in  the  cooler  front  end  of  the  compressor  when  engine  weight  is  an  especially  criti- 
cal design  requirement.  Higher  temperature  titanium  disk  materials  are  also  being 
utilized  in  some  of  the  newer  engines  in  order  to  maximize  thrust  to  weight  ratios. 

(2)  Blades,  Vanes  and  Shrouds 

AMS  5616  and  its  counterpart  "Greek  Ascoloy"  along  with  AMS  355  are 
the  work  horse  materials  of  jet  engine,  blading  and  vanes.  These  stainless  steels 
possess  excellent  high  temperature  fatigue  strength  along  with  reasonable  process- 
ing costs.  Where  higher  temperatures  above  900 °r  are  experienced  nickel  base 
alloys  such  as  Inco  718  and  Inconel  X750  are  utilized.  These  latter  materials  are 
not  susceptible  to  marine  corrosion  damage  as  are  AMS  5616,  AM  355,  etc. , how- 
ever, they  are  extremely  expensive  to  fabricate  and  difficult  to  repair.  They  are 
also  often  brazed  with  expensive  braze  alloys  in  hard  vacuum  and  cannot  be  in- 
spected by  high  resolution  flourescent  magnetic  particle  techniques.  Titanium  alloys 
such  as  Ti-6A1-4V  have  seen  extensive  use  in  fan  blades  because  of  their  excellent 
strength  to  weight  ratios . 
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(3)  Joining 


The  welding  of  410  type  stainless  steel  stationery  non-air  flow  compo- 
nents such  as  shrouds  and  cases  is  accomplished  using  AMS  5776,  410  base  weld- 
ing rod,  and  tungsten  inert  gas  weld  techniques.  No  repair  welding  other  than 
electron  beam  welding  of  T1-6A1-4V  fan  blades  Is  permitted  on  any  rotating  compo- 
nent or  stationery  airfoil  component. 

Applicable  brazing  alloys  are  shown  In  Table  1.  AMS  4770  braze  Is  used 
extensively  In  the  low  temperature  section  of  most  compressors  while  AMS  4772  is 
utilized  with  AMS  5616  stainless  steel  in  slightly  more  severe  and  higher  tempera- 
ture environments.  Sllver-copper-palledium  and  gold-nickel  brazes  are  often 
utilized  in  conjunction  with  nickel  base  alloys  as  well  as  with  steel  materials 
where  more  severe  oxidation -corrosion  environments  are  encountered. 

III.  CORROSION  PROTECTION 

A large  number  of  coatings  are  available  for  the  protection  of  metals 
against  corrosion  damage.  In  many  cases  where  only  surface  protection  Is  needed 
the  visual  appearance  of  the  coated  part  will  determine  whether  adequate  protection 
has  been  obtained.  More  critical  requirements  will  be  placed  on  the  coating  when 
protection  must  be  provided  against  corrosion  related  phenomena.  Examples  of 
these  corrosion  Initiated  mechanisms  are  corrosion  fatigue,  stress  corrosion,  and 
hydrogen  induced  embrittlement  from  external  environments. 

Interpretation  of  the  coating  performance  In  these  cases  becomes  more 
complicated.  For  example,  an  analysis  of  degree  of  protection  is  not  available 
through  visual  examination.  As  Indicated,  martensitic  stainless  steels  are  repre- 
sentative of  steels  which  require  protection  from  corrosion  initiated  damage  partic- 
ularly In  the  application  of  compressor  vanes  and  blades.  Coatings  applied  to 
cyclic  stressed  martensitic  stainless  steels  must  protect  against  pit  formation  be- 
cause often  the  stress  intensification  induced  by  a corrosion  pit  can  supply  the 
Initiation  site  for  fatigue  failure.  Figure  2a  is  a photomicrograph  Indicating  how 
what  appeared  to  be  a protected  blade,  in  this  case  a NiCad  coated  410  stainless 
steel  J57  blade,  has  In  fact  developed  corrosion  pitting  which  Is  consistent  with 
possible  fatigue  stress  amplification.  As  can  be  seen  a small  discontinuity  in  the 
nickel  plate  lead  to  the  corrosion  pit.  Figure  2b  shows  how  corrosion  occurred 
through  the  slight  break  in  the  Ni  plate.  This  Is  indicated  by  analyzing  the  iron 
concentration  by  electron  microprobe  analysis. 

In  order  to  protect  410  stainless  steels  against  temperature  and  other 
environmental  conditions  developed  In  Jet  engine  compressors  one  must  consider 
the  use  of  truly  sacrificial  coatings,  i.e.  coatings  which  retain  their  anodic 
characteristic  even  after  severe  oxidation  and/or  salt  corrosion. 
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Figure  3 is  the  electromotive  series  of  various  metals  and  coatings 
relative  to  saturated  calomel  electrode  in  3%  sodium  chloride  solution.  It  can  be 
seen  that  it  is  desirable  to  use  a coating  exhibiting  a potential  of  less  than  -0.40 
volts  for  the  protection  of  410  stainless  steels.  The  patented  Chromalloy  A12 
coating  is  such  a sacrificial  type  coating  for  410  steels.  It  has  been  utilized  on 
numerous  airfoil  components  of  military  Jet  engine  compressors.  Specific  applica- 
tions will  be  described  in  the  next  section. 

In  Figure  4a  it  is  clear  that  sacrificial  corrosion  has  occurred  rather  than 
pitting  corrosion  on  a component  utilizing  the  A12  coating.  Across  section,  Figure 
4b,  through  the  coating  indicates  that  only  sacrificial  corrosion  products  are  formed 
on  the  coating  rather  than  corrosion  of  the  base  material.  Figure  4c  shows  the 
microprobe  analysis  of  corrosion  products  indicating  that  the  coating  had  corroded 
sacrlficially  to  the  base  material.  The  sacrificial  behavior  of  the  A12  coating  is 
very  dramatically  shown  in  Figure  5 which  is  a J57  blade  in  which  the  coating  has 
been  removed  by  grit  blasting  from  the  leading  edge  to  mid-airfoil.  It  is  clear  that 
after  salt  spray  exposure  for  120  hours  no  corrosion  is  observed  on  the  blade  lead- 
ing edge,  however,  substantial  corrosion  has  been  encountered  on  the  uncoated 
blade. 

The  A12  coating  is  a diffusion  produced  coating  in  which  aluminum  vapors 
are  utilized  to  form  an  aluminlde  on  the  surface  of  the  part.  This  type  of  coating  is 
an  absolute  requirement  for  close  tolerance  jet  engine  parts.  For  example,  devia- 
tions of  as  little  as  half  a thousand  on  a blade  or  vane  airfoil  can  significantly 
affect  the  performance  of  a Jet  engine  compressor.  Figure  6 is  a cross  section 
through  the  leading  edge  of  a 157  airfoil  which  clearly  shows  the  coating  coverage 
and  uniformity  available  with  the  Chromalloy  A12  system.  A12  affords  an  order  of 
magnitude  improvement  over  that  which  could  be  attained  by  any  painting  or  other 
overcoat  process.  Another  illustration  of  the  A12  diffusion  coating  is  shown  in  the 
photomicrograph  (Figure  7)  of  a section  through  a drilled  and  tapped  hole.  Note  how 
the  coating  follows  the  contour  of  the  thread. 

Numerous  engine  tests  on  the  J85,  CJ610/CF700,  TF41,  J57  and  JT3D 
have  been  carried  out  utilizing  Chromalloy  A12  coated  airfoil  components.  In  no 
case  has  performance  degradation  been  encountered,  in  fact,  as  will  be  indicated 
in  the  next  section,  in  numerous  cases  performance  improvements  have  been  en- 
countered. As  well,  initial  performance  characteristics  have  been  maintained 
during  service  due  to  improved  surface  conditions  and  lack  of  corrosion  product 
build-up. 

The  protection  of  low  alloy  steels  such  as  AMS  6304  is  a much  more 
difficult  problem.  As  can  be  seen  in  Figure  3,  aluminum  base  coatings  are  only 
slightly  more  anodic  than  low  alloy  steels.  Aluminum  based  coatings  therefore 
often  lack  significant  sacrificial  characteristics  to  protect  these  low  alloy  steels 
against  marine  corrosion  damage.  To  protect  these  materials  the  TSM  coating 
utilizing  magnesium  as  the  base  element  has  been  developed.  Magnesium  is  tied 
up  in  TSM  as  a complex  intermetallic  such  that  only  limited  sacrificial  corrosion 
occurs  in  environments  such  as  would  normally  actively  react  with  pure  magnesium. 
Electromotive  measurements  in  3%  sodium  chloride  solution  against  a saturated 
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calomel  electrode  indicates  a potential  of  less  than  -0.9  volts  for  TSM  coated 
materials.  Significant  testing  has  been  carried  out  Indicating  that  the  TSM  coating 
can  protect  low  alloy  G.E.  Chromalloy  cases,  AMS  6304  disks,  etc. , In  the  tem- 
perature regime  normally  experienced  by  these  components.  The  TSM  coating  is 
compatible  with  the  dimensional  requirements  of  various  jet  engine  components. 

For  example,  the  fit  tolerances  of  stator  vanes  In  a casing  of  the  type  utilized  in 
the  J85  indicate  that  less  than  .0003"  build-up  is  required  to  ensure  optimum 
assembly.  In  this  case  again  only  a diffusion  process  would  meet  the  tolerance 
requirements,  the  internal  dovetail  slot  being  impossible  to  coat  uniformly  by  any 
standard  plating,  spray  or  dip  process. 

IV.  SPECIFIC  MILITARY  ENGINE  APPLICATIONS 

(1)  United  Aircraft  of  Canada  T400  Engine 

Figure  8 shows  the  gas  generator  case  of  the  T40u  engine  manufactured  by 
United  Aircraft  of  Canada,  Limited.  The  T400  engine  which  has  application  on  the 
UH-1N  Iroquois  helicopter  generates  approximately  1,800  shp.  The  gas  generator 
casing  is  the  major  central  body  of  the  engine  and  comprises  an  integral  diffuser  as 
well  as  a central  portion  of  the  compressor  section.  The  case  contains  a multipli- 
city of  flanges,  screw  holes,  as  well  as  an  integral  type  diffuser.  The  gas  gener- 
ator case  is  a particularly  good  application  for  the  A12  coating.  It  is  possible  with 
the  A12  gaseous  diffusion  process  to  coat  the  internal  diffuser  as  well  as  all  tapped 
holes  and  flanges.  History  on  uncoated  cases  utilized  in  marine  environments  in- 
dicated significant  reductions  in  performance  after  100  to  200  hours  of  operation. 
Recently,  an  A12  coated  case  was  flown  in  the  Baltic  for  more  than  5,000  hours 
without  any  performance  degradation  or  attack  of  the  basis  material.  More  than 
1,000  gas  generatoi  caoes  have  already  been  coated.  Excellent  field  experience 
has  been  reported. 

During  the  initial  development  period  of  the  T400  engine  a study  was 
made  to  determine  the  possibility  of  fabricating  the  gas  generator  case  of  Inco  718 
to  eliminate  marine  corrosion.  Although  data  was  generated  internally  at  UACL,  an 
independent  estimate  of  the  cost  of  the  case  indicated  a two  to  three  fold  increase 
if  fabricated  with  Inco  718.  Since  the  410  stainless  case  cost  is  in  the  vicinity  of 
$6,000.00,  a $6,000  to  $12,000  increase  in  engine  cost  was  estimated.  This  in- 
crease would  have  been  incompatible  with  total  systems  costs. 

(2)  Rolls  Royce/Allison  TF41  Stator  Assembly 

Figure  9 is  a photograph  of  a TF4  1 split  compressor  stator  assembly. 

The  stainless  steel  vanes  of  this  assembly  have  been  A12  coated  for  approximately 
three  years.  At  the  inception  of  the  engine  program  NiCad  plating  was  employed 
for  corrosion  prevention.  It  was  found  however,  after  a relatively  short  period  of 
engine  service,  approximately  100  hours,  that  due  to  the  high  temperatures  ex- 
perienced by  the  compressor  the  Cd  sacrificial  ovorplate  was  oxidized  thereby  re- 
ducing completely  its  sacrificial  behavior.  The  presence  of  microscopic  defects 
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in  the  nickel  plating  consequently  produced  a severe  corrosion  pitting  condition. 
Scrap  rates  of  approximately  35%,  as  a consequence  of  corrosion  pitting,  were 
encountered  during  this  period.  Since  the  introduction  of  the  A12  coating  system 
pitting  scrap  rates  have  continually  decreased.  More  than  700  engine  compressors 
have  been  coated  with  the  A12  coating.  The  coating  did  not  effect  compressor  per- 
formance. In  fact,  in  a test  carried  out  at  the  Naval  Air  Systems  Test  Facility, 
Newark,  New  Jersey,  five  A12  coated  compressors  were  evaluated  relative  to  un- 
coated compressors.  No  change  in  performance  was  determined  which  was  in  con- 
trast to  spray  coated  compressors,  similarly  tested,  where  significant  reductions 
in  performance  were  found. 

(3)  Pratt  & Whitney  Aircraft  J57,  J75  and  TF33  Blades  and  Vane  Shroud  Assemblies 

The  application  of  the  A12  coating  to  military  Pratt  & Whitney  engines 
was  initiated  in  1968.  Figure  10  is  a photograph  of  some  of  the  components  pre- 
sently coated  with  the  A12  system.  Up  to  the  present  more  than  40,000  vane  shroud 
assemblies  have  been  coated.  Overall  engine  performance  has  been  shown  to  im- 
prove with  this  coating  and  pitting  corrosion  damage  has  been  totally  eliminated. 

The  scrap  rates  due  to  corrosion  damage  have  been  reduced  to  zero  from  a range  of 
5-15%  prior  to  the  application  of  the  A12  coating.  The  scrap  rate  on  blades  due  to 
corrosion  has  been  reduced  from  a high  of  20%  to  zero  over  this  period  of  time.  In 
excess  of  10,000,000  compressor  blades  have  already  been  coated  with  A12. 

(4)  General  Electric  J85  Compressor  Stator  Assembly 

The  J85  is  the  most  power  dense  engine  presently  in  the  Air  Force  and 
Navy  inventory.  Because  of  its  extremely  tight  dimensional  requirements,  all  pre- 
vious attempts  to  coat  the  airfoils  of  this  engine  including  complex  aluminum  vapor 
deposition,  have  failed  in  the  past.  In  the  last  two  years  extensive  performance 
testing  has  been  carried  out  on  A12  coated  J85/CJ610/CF700  compressors.  In  no 
case  has  degradation  of  the  performance  of  the  compressor  been  found.  Also  because 
of  the  extremely  tight  fit  requirements  the  dovetail  slots  in  the  Chromalloy  (CrMoV 
steel)  compressor  case  were  masked  prior  to  standard  spray  or  dip  coating.  The  use 
of  the  TSM  coating  to  coat  the  dovetail  slots  has  allowed  the  overall  coating  of  the 
stator  assembly  thereby  eliminating  the  severe  corrosion  problem  associated  with 
the  corrosion  freezing  of  the  stator  segments  in  the  case.  (See  Figure  11).  Navy 
J85  engines  are  presently  being  TSM  coated  to  eliminate  this  severe  maintenance 
problem.  This  problem  could  have  been  resolved  by  a change  in  the  casing  material, 
however,  economic  factors  did  not  allow  such  a material  selection  change. 

CONCLUSIONS 

The  present  paper  has  outlined  some  fundamental  requirements  for  the 
protective  coating  of  jet  engine  compressor  airfoil  and  case  components.  An  attempt 
has  been  made  to  describe  the  engineering  factors  which  are  often  the  principal 
factors  in  material  selection.  Descriptions  of  diffusion  coating  applications,  in- 
cluding the  TF41  compressor  stator  assembly,  J85  stator  assembly,  T400  gas 


generator  case  and  JS7  vane/shrouds  and  blades  have  been  described.  The  basic 
advantages  of  diffusion  coatings,  such  as  improved  uniformity,  thickness  control 
and  most  importantly  controlled  production  reproducibility  have  been  briefly  pre- 
sented. Although  future  engine  designs  have  not  been  discussed,  it  should  be 
clear  that  In  order  to  meet  the  requirements  of  both  advanced  performance  and  de- 
creased cost,  consideration  should  be  given  to  the  application  of  composite  diffu- 
sion coating/base  metal  systems.  Utilization  of  diffusion  coated  low  alloy  and 
stainless  steels,  rather  than  across  the  board  implementation  of  expensive  titanium 
or  high  nickel  base  alloy  systems,  should  be  considered. 
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Figure  1.  Sectional  view  of  Rolls-Royce/ Allison  TF-41  pressor  with  steel  stators  and  titanium  rotor  blading  and 
en£ne  which  powers  the  LTVA-7  aircraft  showing  major  1 1 stage  high  pressure  compressor  with  stainless  steel 
compressor  components.  Compressor  is  of  axial  variety  vanes,  case,  disks  and  spacers,  titanium  rotorblades,  stage 
with  a 3-stage  low  pressure,  2-stage  intermediate  com-  1-8,  and  stainless  steel  blades,  stages  9-1 1. 


Table  1.  Base  and  braze  alloys  utilized  in  military  jet  engine  compressors. 


COMMON  COMPRESSOR  MATERIALS 


AISI  4340 
Chromalloy  (G.E.) 
AMS  6304 
AISI  410 
AM  355 
AMS  5616 
Ti  6 Al,  4 V 
Inco  718 

Inconel  x - 750 


BRAZE  ALLOr 

AMS  4770 
AMS  4772 
PWA  706 

PWA  698,  AMS  4787 


COMPOSITION 

0.40  C,  0.8  Cr,  1.8  Ni,  0.25  Mo 
0.20  C,  1.0  Cr,  1.0  Mo,  0.1  V 
0.40  C,  0.95  Cr.  0.30  V 
12.5  Cr,  0.15  C 

0.13  C,  15  Cr,  4.25  Ni,  2.75  Mo 

13.0  Cr,  2 Ni,  0.12  C,  3 W 

6.0  Al,  4.0  V 

53  Ni,  19  Cr,  3.0  Mo,  0.8  Ti,  0.6  Al, 
19.0  Fe,  5.3  (Cb  + Ta) 

73.0  Ni,  7.0  Fe,  15.5  Cr,  0.7  Al, 

2.5  Ti,  0.9  (Cb  ♦ Ta) 


50  Ag,  15.5  Cu,  16.5  Zn,  18Cd 
54  Ag.  40  Cu,  5 Zn,  1 Ni 
54  Ag,  25  Pd,  21  Cu 
82  Au,  18  Ni 


APPLICATION 

Disks,  Spacers 
Cases 

Disks,  Spacers 
Blades,  Vane/shrouds 
Vanes,  Blades,  Cases 
Blades,  Vane/shrouds 
Blades,  Disks 

Blades,  Vane/shrouds 


Stainless  Steel 
Stainless  Steel 
Stainless  Steel 
Inconel,  Stainless  Steel 


practical  galvanic  series 
of  metals  and  alloys 


Figure  3.  Electromotive  series  of  various  metals  and  nide)0.73\  and  the  TSM-3  (magnesium  imermetallic) 
coatings  relative  to  saturated  Calomel  electrode  in  3%  0.98  \ are  shown  to  be  anodic  to  stainless  steel  and  low 

sodium  chloride  solution.  The  A12  coating  (iron  alumi  alloy  steels  respectively. 


Figure  4l  Sacrificial  surface  corrosion  products  on  the 
surface  of  A12  coated  Chromalloy  A12  J57  compressor 
blade. 


Figure  4b.  Cross-section  through  sacrificial  corrosion 
products  showing  no  attack  of  basis  material  (electro 
lytic  oxalic  acid  etch). 


NICKEL  PLATE 


2 6%  IRON 


CORROSION 


COATING 


37%  IRON 


SUBSTRATE 
83  3%  IRON 


Figure  4c.  Electron- microprobe  point  counts  for  iron 
made  on  4b  section  indicating  again  sacrificial  protection 
afforded  by  A1 2 coating. 


SACRIFICIAL  PROTECTION  OF  >12* 
OURMG  120  HOURS  SALT  SPRAT  E 


’AS"  COATED 


Figure  5.  Sacrtlici.il  protection  of  A1Z  coating  exhibited 
during  120  hr  wit  spray  exposure  AMS  S616  J57 
blddcs  were  utilized.  Prior  to  testing  the  coating  was 
removed  from  the  leading  edge  up  to  the  center  of  ’he 
airfoil.  As  can  be  seen,  no  pitting  of  the  basis  material 
occurred  in  the  uricoated  area. 


SACRIFICIAL  PROTECTION  OF  >12* 

COATING 


uncoated  > l2"coated 


Figure  7.  Photomicrograph  of  section  through  a drilled 
and  tapped  hole.  Notice  should  be  taken  of  the  unifor- 
mity of  the  coating  around  the  complex  contour  of  the 


A 12  COATING 


AIRFOIL 


Figure  6k  Photomicrograph  of  AMS  5616  compressor 
blade  leading  edge  indicating  uniformity  and  coating 
coverage  only  available  with  the  Chromalloy  A I?,  pack 
diffusion  process. 


Figure  8.  The  T400/PT6  gas  generator  case  shown 
in  the  above  figure  represents  an  ideal  application 
for  the  A12  coating  since  complete  protection  can 
be  offered  in  chanels,  diffusion  tubes  and  other 
irregular  surfaces.  This  protection  could  not  be 
obtained  with  any  spray  or  plating  technique. 
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Figure  9.  TF  41  stator  assembly  containing  A12  coated 
stator  vanes.  Vanes  and  compressor  casing  are  ‘410” 
type  stainless  steel. 
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Stress  Corrosion  History  of  Apollo-S.»turn  Launch  Vehicle  AS-208 
(Skylab  IV)  and  Associated  Components 


By  H.  L.  Gilmore  and  C.  E.  Cataldo 


Abstract 


The  history  of  aluminum  7178-T6  and  7079-T652  forgings  through 
design,  fabrication,  testing, and  storage  to  the  successful  flight  of 
the  Skylab  IV  mission  is  documented.  The  decision  process,  inspection 
routine, and  repair  which  led  to  safe  operation  of  the  boost  vehicle  are 
related.  Specific  forgings  involved  are  7178-T6  E-Beams  and  7079-T652 
fin  spars  in  the  base  of  the  S-IB  first  stage,  vertical  reaction  beams 
(7079-T652)  in  the  S-IB/S-IVB  interstage,  among  other  components.  The 
lessons  learned  from  the  Saturn  experience  in  terms  of  material  control, 
systematic  inspection,  laboratory  simul ation,and  guidelines  developed 
are  vital  to  future  systems  in  aerospace  and  ground-based  structures. 
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/ * \ 

Prior  to  launch  of  the  Sky  lab  IV  crew  on  the  AS-208  v ■'launch 
vehicle  (see  Figure  l),  several  major  materials  problems  were  encountered 
that  required  the  concentrated  effort1  of  a large  number  of  people  to 
resolve  and  to  establish  the  subsequent  flight  worthiness  of  the  vehicle. 
During  pre-launch  prep arations , bulkheads  on  two  fuel  tanks  were  deci- 
de! tally  collapsed;  stress  corrosion  cracks  were  discovered  in  several 
locations  on  two  na  or  components  of  the  stage  structure;  fatigue 
cracked  skin  stringers  ware  found;  and  a cable-harness  had  to  be  replaced 
when  broken  wires  were  detected.  This  paper  describes  the  stress  corro- 
sion problems  encountered  and  the  actions  taken  to  correct  them  and  to 
verify  the  structural  integrity  of  the  vehicle,  with  respect  to  the 
materials  applications.  Similar  problems  on  the  two  stages  of  launch 
vehicle  AS-201  are  discussed  also. 

Decisions  to  remove  and  replace,  repair,  and/or  fly  as  is  on  these 
components  were  made  or.  the  basis  of  the  following  considerations: 

( 1 ) Analysis  of  cr  rck s 

(/)  Proof  test  parameters  arid  life  cycle  determination 

( i ) Repair  methods 

(4)  Safety 


Launch  Vehicles  Background 


The  two  launch  venicles  to  bo  discussed  it  this  paper  were  assembled 
and  static  fired  in  Ub(  for  launches  scheduled  in  1967  and  Hub. 

Although  a total  of  14  S-IP  stages  were  built  for  qualifying  Apollo 
hardware  »:  well  a for  actual  Apollo  missions,  the  Saturn  V lunar 
pro  .ram  accelerate!  to  sued;  ar  e>tent  and  confidence  in  the  Apollo  hard- 
were  increased,  the  S-IB  missions  were  reassigned  and  flown  on  the  Saturn  V 
configuration.  Five  Saturn  IB  missions  were  flown  successfully,  hence 
eliminating  the  need  for  the  nine  additional  stages  to  back-up  the 
Apollo  missions.  The  remaining  nine  S-IB  tages  were  placed  in  storage 
within  the  Michoud  Plant  beginning  in  196o  with  stringent  controls  of 
temperature,  humidity  and  contaminant  in  the  enclosures.  Storage  was 


(*)  Three  P and  D vehicles  (SA-201  throu  ih  SA-20i)  and  twelve  operational 
vehicles  (SA-234  through  SA-214)  constitute  the  Saturn  IB  program.  Each 
Saturn  IB  launch  vehicle  consist'  of  an  5-IB  stagp  (i.e.  S-IB-8).  an 
S-IVP  stage  (i.e.  S-IV-B-b).  an  S-IB/S-1VB  interstage,  and  an  instrument 
ur.it.  When  the  launch  vehicle  combines  with  the  Apollo  payload,  its 
configurator  is  designated  Apol  1 o-Saturn  (AS);  hence,  AS-208,  AS-209, 
anc  so  forth. 
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discontinued  for'  each  Skylab  assigned  S-IB  stage  in  1972  according  to 
the  scheduled  requirements  of  checkout,  preparation  for  shipment  and 
launch. 

Because  of  additional  knowledge  learned  about  the  stress  corrosion 
cracking  (SCC)  behavior  of  the  high  strength  7000-series  aluminum 
alloys  during  the  late  1960's,  and  considering  the  age  of  the  S-IB 
and  S-IVB  stages  in  1972,  an  inspection  procedure  was  prepared  for 
selected  SCC  susceptible  materials  in  the  Skylab  launch  vehicles. 

Periodic  inspections  were  made  at  Michoud  and  Kennedy  Space  Center  (KSC) 
with  the  final  inspection  to  be  achieved  within  30  days  of  launch. 

Although  the  stress  corrosion  inspection  for  the  S-IB-6  and  S-IB-7 
stages  were  negative,  S-IB-8,  S-IB-9  and  the  assigned  S-IB/S-IVB  inter- 
stages were  not  quite  so  fortunate. 


S-IB  Thrust  Structure  E-Beam  Cracking 

Stress  corrosion  cracks  were  found  in  the  outboard  end  of  a thrust 
outrigqer  upper  E-Beam  (see  Figure  2)  during  installation  of  stabilizing 
and  support  fins  on  the  S-IB-9  stage  in  late  August  of  1973.  These 
cracks,  shown  as  dye  penetrant  indications  in  the  four  photographs  shown 
in  Figure  3,  were  found  by  an  observant  technician  as  he  was  installing 
fin  attachment  bolts  in  the  immediate  vicinity  of  the  Fin  7 E-Beam. 

As  a result,  immediate  visual  examination  was  made  of  all  the  forged 
7178  aluminum  E-Beams  installed  on  the  S-IB-9  stage  which  was  located 
in  the  Vertical  Assembly  Building  at  KSC.  Another  crack  was  found  also 
in  the  same  E-Beam  located  near  the  center,  as  shown  in  Fiqure  2.  A 
third  crack  was  found  in  a beam  toward  the  inboard  end  at  position 
Fin  4;  this  crack  is  shown  also  in  the  composite  Figure  3,  note  the 
straightness  of  the  dye  bleed-out  initiating  in  the  hole  under  the 
fastener  nut.  Dye  penetrant  inspections  were  made  of  several  other 
questionable  visual  indications;  however,  no  additional  cracks  were 
found  in  the  E-Beams  on  the  S-IB-9  stage. 

A similar  inspection  of  the  S-IB-b  stage  located  on  the  launch 
pad  and  undergoing  preparation  for  launch  of  the  Skylab  IV  Crew,  re- 
vealed only  one  crack  which  was  found  near  the  inboard  end  of  the 
upper  E-Beam  at  position  Fin  4.  The  decision  was  made  to  remove  this 
crack  for  failure  analysis.  The  coupon  containing  the  crack  is  shown 
in  Figure  4.  Note  that  the  crack  did  not  originate  or  terminate  in  a 
fastener  hole,  nor  did  it  propagate  through  the  thickness  of  the  beam 
material,  as  shown  in  the  lower  left  and  right  side  photographs  in 
Figure  4.  A slight  bowing  of  the  material  can  be  seen  also  in  the  right 
side  view. 
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To  expose  Che  fracture  surface  for  study  on  the  scanning  electron 
microscope  (SEM)  as  well  as  to  retain  intact  cracks  for  metallographic 
study,  the  sample  was  cut  in  a manner  to  leave  both  ends  of  the  crack 
undisturbed.  A flat  view  shown  in  the  upper  right  corner  of  Figure  5 
shows  the  end  of  the  intergranular  crack;  whereas,  a cross-sectional 
view  made  near  the  opposite  end  depicts  the  crack  traversing  inter- 
granularly  in  the  transverse  direction.  The  SEM  photograph  in  the 
lower  right  corner  of  Figure  5 shows  the  typical  intergranular  cracking 
along  the  fracture  face.  Mud  crack  patterns  in  corrosion  deposits  were 
found  near  the  initiation,  as  shown  in  Figure  6. 

With  the  cause  of  cracking  verified  for  the  beam  in  Fin  4 of  the 
S-IB-8  stage,  stress  calculations  were  made  to  determine  if  an  inplace 
repair  could  be  made  safely  to  insure  structural  integrity  of  the  E-Beam. 
The  calculations  were  favorable  with  the  recommended  fix  being  a spacer 
and  doubler  as  shown  in  Figure  7. 

The  S-IB-9  stage  E-Beam  cracks  were  removed  and  examined  similar 
to  the  one  from  S-IB-8.  Stress  calculations  and  repairs  were  made  on 
an  individual  basis  for  these  cracks. 

Failure  Analysis  Summary  for  E-Beams 

The  following  comments  summarize  the  findings  made  on  the  E-Beam 
cracking: 


1.  The  cracks  were  caused  by  stress  corrosion. 

2.  The  E-Beam  material  (7178-T6)  is  highly  susceptible  to  stress 
corrosion  cracking. 

3.  Stage  environmental  exposure  is  favorable  for  long  crack  free 
life. 

4.  Applied  stress  (residual  plus  assembly)  is  sufficient  to 
cause  cracks.  Measured  data  indicate  levels  on  the  order 
of  10,000  psi. 

5.  Failure  data  on  bare  samples  of  7178-T6  at  10,000  psi..  resulted 
in  failure  in  3 to  4 years  under  inland  environment,  and 

2 to  4 months  under  seacoast  environment. 

6.  Use  of  a zinc  chromate  system  extends  time  to  failure  by  a 
factor  of  2 to  4. 

7.  There  is  a probability  that  additional  E-Beam  cracks  may 
develop  but  all  applied  stress  data  indicate  that  they  will 
initiate  on  the  visible  surfaces. 

8.  Periodic  visual  inspection  will  detect  any  significant  crack. 
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Rationale  for  Acceptable  Flight  Risk 

The  following  rationale  indicated  that  the  E-Beams  were  flight 
worthy: 

1.  Cracks  were  caused  by  stress  corrosion. 

2.  Residual  stress  in  E-Beams  was  prime  contributing  factor. 

3.  Process  review  showed  that  the  S-IB-7  stage  beams  should 
have  had  highest  residual  stresses  and  greatest  potential 
for  cracked  beams,  although  none  were  reported. 

4.  All  cracks  found  in  the  investigation  would  not  have  resulted 
in  structural  failure;  i.e.,  loss  of  fin,  tank  or  engine 
support. 

5.  Highest  residua]  stresses  were  on  surfaces  between  flanges 
resulting  in  greatest  likelihood  of  cracking  on  visible 
surface. 

6.  Stress  corrosion  cracks  will  occur  only  in  transverse  grain 
direction  which  is  not  the  flight  direction. 


Stress  Corrosion  Cracking  of  the  Rear  Spar  of 
the  S-IB-8  Stage  Fins 

During  a scheduled  inspection  on  November  6,  1973,  of  all  compo- 
nents previously  determined  to  be  stress  corrosion  susceptible,  cracks 
were  found  in  IS  of  16  attach  fittings  for  the  stabilizing  and  support 
fins  on  the  S-IB-8  stage.  This  was  the  final  stress  corrosion  inspec- 
tion scheduled  for  the  launch  vehicle  and  was  performed  after  full 
propellant  loading  was  completed  as  a part  of  the  Count  Down  Demonstration 
Test  (CDDT)  conducted  4 days  earlier.  At  the  time  of  inspection,  the 
fuel  tanks  were  loaded  and  the  extent  of  cracking  in  the  lower  spot  face 
area  of  the  left  and  right  hand  mounting  pads  of  the  rear  spars  was 
clearly  visible.  The  rear  spar  fitting  shown  in  Figure  8 is  processed 
as  a closed  die  forging  of  7079-T6S2  aluminum  alloy.  It  is  approximately 
42"  X 24"  X 12"  in  size  and  the  final  machined  part  weighs  52  pounds. 

Three  previous  inspections  of  these  parts,  as  assembled,  had 
been  made,  two  at  Michoud  in  accordance  with  routine  inspection  speci- 
fic ations  and  one  at  KSC  during  the  period  of  September  25  to  October  4, 
1973.  No  cracks  were  found  during  these  previous  inspections  even 
though  statement:  by  inspection  personnel  asserted  that  these  critical 
areas  had  been  examined.  Yet,  the  type  of  crack  found  could  possibly 
have  been  missed  due  to  the  locations  and  characteristics  of  the 
cracks.  They  originated  in  a sharp  radius  of  a bolt  hole  spot  face  as 
show-r  in  Finure  ?. 
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Analysis  Results  and  Discussions 


An  initial  metallurgical  analysis  was  made  on  Fin  4,  which  was 
the  first  fin  removed  from  the  stage,  the  mating  pad  of  the  lower 
fitting  assembly  contained  a crack  larie  enough  to  be  seen  with  the 
unaided  eye.  The  typical  crack  found  propogated  from  a sharp  radius 
in  the  spot  face  for  the  main  attach  bolts.  The  crack  did  not  origi  ate 
in  the  bolt  hole  itself  (see  Figure  3).  A section  of  the  Fin  4 spar 
containing  a crack  was  removed  at  KSC  and  a metallurgical  examination 
was  made.  The  crack  was  confirmed  to  be  stress  corrosion  cracking  by 
visual,  metallographic  and  Scanning  Electron  Microscope  (SEM)  examinations. 
It  was  rioted  also  that  consider able  pitting  corrosion  existed  on  the 
mating  surface  of  the  connecting  pad.  Pits  were  noted  with  depths  up  to 
about  .002  inch.  The  micro  tructure  of  the  material  showed  a normal 
grain  structure  although  t'here  was  some  evidence  of  slight  overheating, 
as  could  have  been  caused  curing  initial  processing;  this  would  not 
result  in  any  cracking  susceptibility. 

A stress  analysis  of  the  fitting  showed  that  static  stresses  in  the 
lower  pad  ranged  from  7500  to  7900  psi.  The  stress  corrosion  cracking 
(SCC)  threshold  for  the  7079-Tv  material  is  less  than  8000  psi.  Along 
with  the  constantly  applied  stress,  installation  stresses,  and  the 
hostile  seacoast  environment,  conditions  for  cracking  in  these  parts 
were  very  favorable. 

Mechanical  properties  of  the  70  7-.3-T&52  die  forgings  (5-6  inches 
thick)  are  as  follows: 


Ml  L-HT  8k-  MIN. 


Longitudinal,  psi  hort  Tr .ms verse,  psi  Typical  Valves,  psi 


Ftu  70,000 

FTY  59,000 

%EL 


f 8,000 

58,000 


70.000 

68.000 

14 


Stress  Corrosion  Threshold  stresses  are: 


Longitudinal 
Long  Transverse 
Short  Transverse 


> 50,000  psi 
50,000  psi 
< 8,000  psi 


Thus,  the  threshold  stresses,  for  sustained  service,  are  quite  low, 
compared  to  the  typical  mechanical  properties  of  the  material. 
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Stress  corrosion  failure  of  aluminum  alloys  is  more  often  due  to 
residual  stresses  in  the  material  than  to  short-time  service  stresses. 
7079-T6b2  forgings,  when  compressive  surface  areas  are  machined  away, 
are  highly  susceptible  to  stress  corrosion  cracking,  and  minute 
cracks,  once  formed,  propogate  much  more  rapidly  than  in  most  other 
aluminum  alloys.  The  initiation  site  of  such  a crack  might  be  detected 
as  a corrosion  pit,  or  it  might  not  be  evident  at  all.  In  previous 
failure  of  components  of  this  alloy,  no  evidence  of  actual  corrosive 
effects  could  be  detected  in  some  cases,  yet  the  failures  were  inter- 
granular and  branching,  characteristic  of  stress  corrosion  failures. 

While  the  residual  stresses  that  may  be  present  in  the  S-IE  fin 
attachment  fittings  are  unknown,  we  must  assume  that  they  might  be  quite 
high  in  very  localized  areas.  Based  on  previous  tests  on  a very  similar 
part,  the  residual  stresses  in  the  fin  fittings  could  be  on  the  order 
of  12,000  to  IB, 000  psi  tensile. 

Tests  on  70 79-T651  have  been  made  under  various  test  site  exposures 
and  using  different  surface  treatments  on  the  material.  A summary  of 
the  data  is  as  follows: 

DAYS  TO  FAILURE  AT  55,000  psi  STRESS 


TE  T SITE  OR  CONDITION  UNPROTECTED  ZnCrOj  PRIMER  SHOT  PEENED 

f£ANGE  0F  5 SPECIMENS'} 


3.5  NaCl  ( A. I.  ) 

10-17 

115  (4-190) 

200  (60-520) 

Pt.  Judity,  P.  I. 

35-45 

70  ( 56-240) 

1460  N.F.  * 

Ft.  Comfort,  Texas 

35-87* 

1000  (628-1230) 

1460  N.F. 

Industrial  Atmos.,  Pa. 

35-76 

150  (59-222) 

1500  N.F. 

One  specimen 

out  of  5 

failed  in  7 days.  N. 

F.  means  "none 

failed . " 


Stresses  on  the  fir;  attach  fittings  were  calculated  as  follows: 


CONDITION 

STRESS, 

On  Pad  - Empty 

4,000 

Loaded  with  Fuel  Only 

11,500 

Fueled  + 32 

Kt.  Wind 

16,400 

Fully  Loaded 

34,000 

Fully  Loaded  + 

32  Kt.  Wind 

39,000 

70 


t vi  it I ■■  li  sarin 


-■mi  amt  in 


mimim m 
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In  addition  to  these  stresses,  we  could  conceivably  experience 
an  additional  18,000  psi  stress  due  to  residual  stresses  in  the  part, 
resu.cing  in  total  stresses  on  the  order  of  52,000  to  57,000  psi  in 
the  fully  loaded  condition. 

Thus,  the  stresses  experienced  during  fully  loaded  conditions 
are  approximately  the  same  as  those  for  which  the  test  data  were 
generated  in  the  exposure  tests  shown  above.  On  this  basis,  it  appears 
reasonable  to  consider  that  the  fittings  should  withstand  at  least 
10  days  of  exposure  to  a fully  loaded  condition,  with  winds,  where  the 
metal  was  completely  unprotected  and  a salt  water  environment  was 
present. 

In  one  sense  that  is  extremely  conservative,  in  that  it  is 
based  on  the  worst  possible  environment  with  no  protection  at  all.  On 
the  other  hand,  it  does  not  account  for  possible  additional  stresses 
that  may  have  occurred  due  to  attachment  mismatch  and  bolting  stresses. 

If  severe  enough,  such  stresses  could  easily  exceed  the  yield  strength 
of  the  material. 

The  fact  that  all  of  the  S-IB-8  stage  fittings  were  cracked  in 
essentially  the  same  place  indicates  that  all  were  equally  loaded,  or 
that  all  of  the  these  areas  exceeded  the  "threshold"  stress  for  stress 
corrosion.  The  failures  are  obviously  due  more  to  applied  stresses 
rather  than  residual  stresses,  because  none  of  the  residual  stresses 
must  have  been  below  8,000  psi,  short  transverse.  Adding  this  figure 
to  the  applied  stresses  during  loading  gives  a maximum  stress  of  47,000  psi 
which  is  close  to  the  stress  value  that  was  used  for  the  SCO  tests  in  the 
table  above. 


Failure  Analysis  Summary  for  S-IB-208  Fins 


1.  Cracking  resulted  from  stress  corrosion. 

2.  The  forging  process  produced  a grain  flow  transition  which 
resulted  in  a short  transverse  grain  direction  in  the  area 
of  the  cracks. 

3.  Evidence  of  pitting  corrosion  was  found. 

4.  Spectrographic  analysis  and  hardness  of  Rockwell  "E"  109 
confirmed  the  composition  to  be  7079  as  specified. 

5.  The  cracking  of  the  fin  spars  in  fifteen  of  sixteen  locations 
presents  a classical  case  of  stress  corrosion. 

6.  The  sharp  notch  in  the  spot  face,  the  short  transverse  grain 
direction,  damage  to  the  protective  coating,  exposure  to 

the  corrosive  environment,  and  the  sustained  tensile  stresses 
and  age  resulted  in  the  failure  by  stress  corrosion  cracking. 
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Rationale  for  Acceptable  Flight  Risk 


1.  New  fins  installed  within  5 days  of  launch. 

2.  Reinforcement  fittings  installed  on  fins  to  transfer  load 
away  from  problem  area  in  spar. 

3.  Cracks  were  caused  by  stress  corrosion  cracking. 

4.  Calculations  showed  safety  factor  sufficient  to  warrent 
safe  launch. 

S-IVB  Reaction  Beam  Cracking 

On  November  11,  1373  during  the  final  scheduled  inspection,  cracks 
were  ciscovered  near  the  center] ine  of  the  inboard  flanges  of  the  S-IVB-8 
aft  interstage  reaction  beams.  Subsequently,  cracks  were  found  also  on 
the  S-IVB-9  aft  interstage  reaction  beams  of  the  Skylab  rescue  vehicle, 
and  on  a similar  test  article  at  the  Marshall  Space  Flight  Center  (MSFC). 

The  aft  interstage  contains  eight  reaction  beams  which  are  machined  from 
7073-Tb52  aluminum  alloy  die  forgings. 

While  the  reaction  beams  described  above  plus  those  on  vehicles 
in  storage  at  Michoud,  LA  were  being  examined  for  cracks,  a parallel 
effort  was  undertaken  at  the  McDonnel  Douglas  Facility  at  Huntington 
Beach,  CA,  on  thirty-one  surplus  unmachined  reaction  beam  forgings.  All 
thirty-one  were  found  to  contain  cracks  in  similar  locations  as  those 
in  the  flight  interstages.  Failure  analysis  investigations  were  under- 
taken on  the  beams  at  MSFC  and  on  the  unmachined  forgings  at  Huntington 
Beach  to  determine  the  cause  of  these  cracks. 

Two  of  the  interstage  test  article  beams  were  removed  at  MSFC 
for  rnetallographic  and  f ractographic  analyses.  A compilation  of  the 
findings  are  shown  in  Figure  10.  Note  the  intergranular  crack  progression 
shown  in  the  photomicrographs  for  beam  forging  No.  38.  The  cracks  were 
located  near  the  centerline  (parting  plane)  of  the  forging.  Scanning 
Electron  Microscope  (SEM)  photographs  also  depict  intergranular  fracture 
morphology  plus  typical  mud  crack  patterns  in  the  corrosion  products  on 
the  fracture  surface.  Photomicrographs  of  the  cracked  area  in  Forging 
No.  49  show  intergranular  cracking  initiating  at  the  bottom  of  surface 
pits  in  th - 7073-TB5?  aluminum.  Note  that  a single  crack  was  found  in 
Forging  No.  19  whereas  two  cracks  were  discovered  in  Forging  No.  38. 

Chemical  analysis  indicated  that  the  beam  forgings  me*-  the 
specifications  for  7073  aluminum  alloy.  The  average  hardness  of 
Pockwell  B 89  and  electrical  conductivity  of  33.5%  IACS  indicated  that 
the  forgings  were  heat  treated  to  the  specified  strength  requirements. 
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A typii  il  cross-section  near  the  centerline  of  an  inboard 
flange  (forging  flash  i re  a ) is  ,hown  in  Figure  11A.  The  highly  direc- 
tional grain  fbw  in  the  flush  area  is  typical  and  normal.  Figure  11B 
hows  the  1 ranching  intergranular  cracking  further  into  the  cracked 
beam.  The  microstructure  within  the  flash  area  exhibited  areas  of  large 
elong  ited  grains  as  well  as  regions  of  small  grains.  This  type  of 
microst ructure  is  normal  for  the  flash  area  of  7079  aluminum  when  die 
forged . 


Reaction  Beam  Forging  History 


A look  at  the  history  of  these  beam  forgings  show  that  the  material 
w-as  supplied  by  the  Aluminum  Company  of  America  as  11-inch  square  billets 
and  v.ere  die  forced  in  a temperature  range  of  800°Fto  650°F  and  sub- 
sequently heat  treated  to  the  T652  condition  by  Wyman  Gordan  Company, 
Worchester,  MA.  The  aged  forgings  were  ultrasonically  inspected  per 
NAS  824,  Grade  A and  R;  however,  due  to  the  configuration  of  the 
forcing,  certain  areas  with  non-parallel  surfaces  were  not  inspects  le 
tv  ultrasonic  tecnniques.  One  such  area,  the  outer  flange,  could 
contain  a crack  nearly  an  inch  deep  and  would  not  have  teen  detected 
ly  this  method.  Although  fluorescent  penetrant  inspections  were  made 
on  the  machined  parts,  no  cracks  were  detected  prior  to  installation 
vecause  the  parts  were  not  etched  prior  to  penetrant  application.  It 
is  highly  protable  that  tight  cracks  could  have  been  smeared  over 
during  machining . 


Examination  of  S-IVB-8  Aft  Interstage 

During  the  final  inspection  of  the  S-IVB-8  stage  and  aft  inter- 
stage, cracks  were  found  in  the  base  of  seven  of  the  eight  reaction 
beams.  The  cracks  were  located  on  the  inboard  face,  varying  in  length, 
and  on  three  earns  extending  into  the  center  pocket  area  a maximum  of 
approximately  1/4  inch  from  the  edge  of  bevel. 

As  tha  result  of  finding  a crack  about  36  inches  above  the  base 
on  the  back-up  S-IB/S-IVB-8  interstage  in  the  Vertical  Assembly  Building, 
a dye  penetrant  inspection  was  performed  not  only  on  the  inboard  and  out- 
board surface  of  the  fat  end  of  the  inboard  cap  of  the  S-IB/S-IVB-8 
interstage  reaction  beams,  but  on  a one  inch  wide  length  of  all  8 beams. 
No  cracks  were  found  except  in  the  base  area  as  previously  stated. 
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Failure  Analysis  Summary  of  S-IVB  Aft  Interstage  Reaction  Beams 


1.  MSFC  and  McDonnel  Douglas  studies  indicated  that  failure 
of  the  7073-Tb  beams  resulted  from  stress  corrosion 
cracking . 

2.  Residual  stresses  from  forging  operation  caused  failure. 

3.  Preferential  grain  direction  in  the  flash  area  contributed 
to  failure. 

4.  Machining  operation  would  have  smeared  over  any  cracks  and 
would  have  precluded  dye  penetrant  detection  prior  to 
installation. 


Rationale  to  Leave  Reaction  Bea.is  Intact  on  SA-203 

1.  Known  cause  of  failure  was  stress  corrosion  cracking. 

2.  Stress  analysis  of  the  cracked  beams  indicated  a Factor  of 
Safety  in  excess  of  1.5. 

3.  The  minimum  required  Factor  of  Safety  is  1.4 

4.  Repair  of  the  beams  would  require  extensive  rework  and 
possibly  effect  the  S-IB  stage. 

5.  Removing  and  replacing  the  beams  would  require  demating  the 
aft  interstage  from  the  vehicle. 

b.  Stress  direction  was  parallel  to  crack  direction. 

In  conclusion,  the  lessons  learned  from  the  Saturn  experience 
in  terms  of  material  selection  and  control,  systematic  inspections, 
laboratory  simulation  and  guidelines  developed  are  vital  to  future 
systems  in  aerospace  and  ground  based  structures. 


A.  S-IB  E-BEAM  LOCATIONS 


B.  S IB  E-BEAM 


FIGURE  ? 


1 

“1 

S-IB  E-BEAM  CRACK  LOCATIONS 


ALUMINUM  E-BEAMS 
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FIGURE  6 - MUD  CRACK  PATTERNS  IN  CORROSION  PRODUCTS  O'  FRACTURE 


SIB  8 FIN  4 REPAIR 


A.  CROSS-SECTION  MAG.  100X 


B CROSS-SECTION 


MAG.  100X 


SCC  IN  SIV-B  REACTION  BEAM  FORGING 


FIGURE  11 
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Environmental  Corrosion  of  L605  and  Improved  Monopropellant 
Catalyst  Screen  Materials  for  Low  Thrust  Rocket  Engines 


A.  N.  Ewing*,  K.  T.  Kamber  , 

E.  G.  Kendall-*,  and  R,  G.  Sherman'* 
The  Aerospace  Corporation 
El  Segundo,  California 


ABSTRACT 


A major  difficulty  encountered  in  designing  long  life  monopropellant 
hydrazine  thrusters  is  that  of  providing  structural  elements,  particu- 
larly catalyst  bed  containment  screens,  capable  of  withstanding  the 
severe  nitriding  environment  of  hydrazine  decomposition.  The  use  of 
cobalt-based  alloys  such  as  Haynes  25  (L605)  has  gradually  evolved. 
Although  much  more  durable  than  stainless  steel,  the  Haynes  25  screens 
are  still  subject  to  nitriding;  after  extneded  usage,  they  become  brittle 
and  crack,  typically  about  100,  000  pulses.  It  has  long  been  known  that 
platinum  is  not  susceptible  to  nitriding;  however,  its  low  tensile  strength 
makes  it  unsatisfactory  for  a containment  screen  material.  For  this 
experimental  investigation,  platinum-iridium  alloys  were  selected  due 
to  the  large  tensile  strength  enhancement  available  from  small  per- 
centages of  iridium. 

Metallurgical  tests  were  conducted  to  define  the  basic  characteristics 
of  the  materials  involved  as  an  aid  in  material  selection  and  to  help 
understand  the  basic  phenomena  involved  in  screen  degradation.  Wire 
samples  and  woven  wire  screens  of  Haynes  25,  Pt-15%  Ir,  Pt-10%  Rh 
and  Nichrome  V were  exposed  to  a nitriding  ammonia  atmosphere  at 
temperatures  from  1300°F  to  1700°F  for  up  to  5000  min.  Metal- 
lographic  examinations  were  made  to  determine  any  microstructure 
changes  and  to  measure  depth  of  nitride,  if  any;  microhardness 
measurements  were  made,  and  tensile  tests  at  room  temperature  and 
at  elevated  temperatures  were  run  on  the  wire  samples.  In  addition, 
woven  screen  samples  were  exposed  to  the  nitriding  atmosphere,  then 
subjected  to  applied  loads  from  a spherical- ended  rod  at  ambient  and 
elevated  temperatures,  as  a measure  of  both  strength  and  ductility. 

The  data  indicate  that  the  nitriding  rate  of  Haynes  25  increases  with 
temperature.  The  brittle  nature  of  the  nitride  case  suggests  that  the 
failure  mechanism  at  work  in  a thruster  is  one  of  progressive  growth 
of  fatigue  cracks  formed  in  the  brittle  surface  due  to  thermal  cycling. 

The  platinum-iridium  alloy  did  not  exhibit  any  nitriding  and  remained 
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ductile  at  all  temperatures.  The  strength  of  the  platinum-iridium 
alloy,  while  considerably  less  than  that  of  Haynes  25  at  lower  temp- 
eratures, is  about  the  same  as  Haynes  25  at  the  typical  thruster 
catalyst  bed  maximum  temperature  of  1800°F. 

I.  INTRODUCTION 

Hydrazine  thruster  requirements  have  increased  to  the  point  where 
Haynes  25  screens  can  no  longer  withstand  thruster  life  testing  without 
degradation  to  the  point  of  hole  formation  and  general  embrittlement  and 
loss  of  strength  due  to  extensive  nitriding.  An  improved  material  is 
needed  for  catalyst  bed  screens  to  withstand  more  than  10^  pulses  and 
500  lb  of  hydrazine.  Evaluation  of  such  materials  has  generally  con- 
sisted of  empirical  engineering  data  acquired  from  thruster  testing. 

After  the  time  and  expense  of  such  testing,  it  is  often  found  that  the 
selected  material  does  not  live  up  to  expectations. 

A series  of  metallurgical  and  engineering  tests  were  conducted  on 
screens  made  of  Haynes  25  and  platinum-iridium  alloys  and  on  wire  of 
these  materials  and  wires  of  nichrome  and  platinum-10%  rhodium. 

II.  DISCUSSION 

A.  Metallurgical  Considerations 

Nascent  nitrogen  is  a hydrazine  decomposition  product  which  can  affect 
the  chemical  composition  and  physical  properties  of  screen  materials. 
The  result  of  nitrogen  attack  on  Haynes  25  is  the  formation  of  a hard 
case  consisting  of  chromium,  iron,  and  tungsten  nitrides.  This  case  is 
brittle  and  can  be  the  cause  of  t rack  formation  in  stressed  areas,  such 
as  the  instance  in  which  the  woof  wire  in  a screen  bends  around  a warp 
wire.  It  is  postulated  that  the  additional  stresses,  caused  by  thermal 
cycling  during  pulse  operation,  cause  the  brittle  outer  nitrided  case  to 
crack.  The  cracks  form  during  the  quenching  period  and  expose  addi- 
tional parent  material  to  the  nitriding  atmosphere.  During  the  subse- 
quent quench,  the  weakened  material  cracks  deeper  in  a self-propagating 
manner  until  the  wire  is  completely  severed. 

Neither  platinum  nor  iridium  react  with  nitrogen,  and  an  alloy  of  the  two 
is  expected  to  be  equally  inert.  The  basic  tensile  strength  of  platinum 
is  low  - 18,000  psi  compared  to  195,000  psi  for  cold  drawn  Haynes  25  at 
70°F.  The  difference  is  less  pronounced  at  2000°F  (see  Table  I).  It  was 
felt  that  sufficient  iridium  should  be  added  to  raise  the  tensile  strength  of 
the  alloy  as  close  to  Haynes  25  as  possible  within  the  limits  of  ductility 
required  for  weaving.  Several  samples  of  25%  iridium  were  acquired; 
however,  a screen  lot  containing  15%  iridium  was  ultimately  selected  due 
to  difficulties  encountered  in  weaving  the  25%  iridium  alloy.  The  resul- 
tant strength  was  predicted  to  equal  that  of  Haynes  25  at  2000°F,  and  to 
be  approximately  70,  000  psi  at  70°F,  This  was  considered  sufficient, 
based  on  a calculation  of  the  stress  incurred  by  a 10-mil  diameter  wire 
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Table  I.  Physical  Property  Comparison 


Nitriding  Susceptibility  (in.  /min): 


1 300°F 

1 700°F 

Platinum  - 10%  Iridium 

0* 

0* 

Platinum  - 15%  Iridium 

0* 

0* 

L-605 

500  min 

1 x 10‘6* 

3 x 10'6* 

5000  min 

0.2  x 10‘6* 

1 x 10-6* 

2 

Ultimate  Tensile  Strength  (lb/in. 

) 

u» 

o 

o 

r- 

2000°F 

L-605 

195,000/185  000/  14,000* 

165,000*+ 

Platinum 

18,000 

4,400 

Iridium 

150,000 

75,000 

Platinum  - 10%  Iridium 

55,000 

10,000 

Platinum  - 15%  Iridium 

83,000  * 

15,000* 

Platinum  - 25%  Iridium 

125,000 

30,000 

Coefficient  of  Thermal  Expansion 

(in. /in.  -°F): 

200°F 

2000°F 

L-605 

6. 9 x lO'6 

10  x 10'6 

Platinum 

5.  1 x 10‘6 

5.  7 x 10"6 

Iridium 

3.  8 x 10-6 

4.  3 x 10'6 

Platinum  - 10%  Iridium 

5. 0 x 10'6 

5. 5 x 10-6 

(estimated) 

Platinum  - 25%  Iridium 

4. 7 x 10"6 

5.2  x 10'6 

(estimated) 

% 

Data  derived  from  Aerospace  laboratory  tests 

^Data  for  straight  wire  /kinked  wire /nitr  ided  wire, 

respectively 
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in  a 40-mesP  screen.  If  a single  layer  of  unsupported  screening  were 
to  withstand  the  upper  catalyst  bed  pressure  drop  of  30  psi,  the  ten- 
sile loading  would  be  4850  lb/in^. 

The  major  stress  placed  on  the  screen  is  due  to  its  thermal  expansion 
and  contraction,  as  well  as  that  of  the  chamber  and  support  ring  to  which 
it  is  brazed  or  welded.  Analysis  of  this  effect  was  not  attempted;  how- 
ever, the  coefficient  of  thermal  expansion  for  platinum  and  its  alloys 
appears  favorable  (Table  I)  compared  to  Haynes  25.  The  coefficient 
is  losver  by  approximately  one-half,  indicating  a potentially  favorable 
reduction  in  the  expansion  and  buckling  forces  on  a contained  screen. 
Resistance  to  crack  formation  during  cooldown  is  a balance  between 
tensile  strength  to  withstand  the  stress  and  ductility  to  relieve  it.  Plati- 
num and  Haynes  25  represent  two  opposite  ends  of  the  spectrum.  It  was 
intended  to  reach  the  appropriate  compromise  with  the  Pt-Ir  alloy, 
which  would  also  exclude  further  reduction  in  both  properties  due  to 
nitriding. 

B.  Apparatus  and  Procedure 

1 . Nitriding 

Test  specimens  were  nitrided  in  a 2-1/2  in  diameter  quartz  tube 
which  was  inserted  in  a 12-in.  long  resistance  heated  tube  furnace  capa- 
ble of  temperatures  up  to  2000°F.  An  ammonia  nitriding  atmosphere 
was  passed  through  the  tube  (see  Figure  1)  at  a flow  rate  sufficient  to 
maintain  70  to  90%  dissociation.  The  temperature  in  the  furnace  was 
controlled  by  feedback  from  a platinum-rhodium  thermocouple. 

The  specimens  were  placed  in  a quartz  boat  of  sufficient  size  to 
ensure  adequate  specimen  separation  and  ammonia  circulation.  In  turn, 
the  quartz  boat  was  inserted  into  the  quartz  furnace  tube  adjacent  to  the 
control  thermocouple.  Test  durations  of  500  min  and  5000  min  were  used. 
Early  tests  included  cyclic  heating  to  1700°F  and  cooling  to  250°F  for  500 
cycles,  but  did  not  cause  cracking  of  L605  wire,  probably  because  the 
screen  was  not  stressed,  and  this  technique  was  discarded. 

The  apparatus  was  used  to  condition  wire  and  screen  specimens 
prior  to  other  tests,  as  well  as  to  establish  the  nitriding  characteristics 
of  all  materials  at  1300,  1 500  and  1700°F. 

2.  Tensile  Tests 


A 10,000-lb  Instron  machine  was  used.  A 3-1/2  in.  long  resistance 
tube  furnace  with  a 3/1  6-in.  diameter  inner  ceramic  muffle,  was  positioned 
vertically  around  the  wire  test  specimen.  The  temperature  field  was 
plotted  for  each  test  temperature  and  calibrated  to  a control  thermocouple 
on  the  outside  of  the  muffle. 

All  tests  were  run  in  air.  The  0.010-in.  wire  specimens  were 
allowed  to  equilibrate  for  one  minute  prior  to  loading.  The  data  were 
reduced  in  terms  of  ultimate  and  fracture  strength  and  reduction  in  area 
at  various  temperatures  and  nitriding  conditions. 
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3.  Screen  Deflection  Test  Apparatus 


The  same  tensile  machine  was  used  to  apply  a push  load  to  screen 
specimens  1/2  in.  in  diameter.  A fixture,  shown  in  Figure  2,  held  the 
screen  securely  around  its  perimeter  while  a 1/2-in.  diameter  rod  was 
pushed  against  it  into  a 5/16-in.  diameter  hole.  The  fixture  was  posi- 
tioned within  a standard  2200°F  Marshal  Furnace  14  in.  long  with  a 
2-1/2  in.  inside  diameter.  Also  shown  are  typical  yielded  "hat"  sec- 
tions formed  in  the  test  specimens. 

All  the  samples  (Haynes  25  and  Pt-15%  Ir)  were  first  heat  treated 
in  the  nitriding  atmosphere  at  1700°F  for  500  min.  Traces  of  load  ver- 
sus deformation  length  were  developed  for  various  temperatures. 

4.  Microhardness  Testing 

Tests  were  run  using  a diamond  pyramid  impressor  with  a 10  and 
50  gm  load.  Measurements  were  made  along  the  end  diameter  of  a wire 
potted  in  lucite,  and  converted  to  equivalent  Rockwell  readings. 

C.  Results 

1 . Nitriding 

Nitriding  is  a chemical  and  diffusion  process  whose  rate  is  con- 
trolled by  time  and  temperature.  In  commerical  terms,  L605  is  not 
considered  a nitriding  material  because  the  rate  is  extremely  slow  as 
compared  to  nitriding  steels  at  conventional  nitriding  temperatures 
(1050°F).  However,  at  the  higher  temperatures  encountered  in  thruster 
applications,  the  nitriding  rate  of  L605  is  increased  as  much  as  five- 
fold. Also,  since  the  wire  is  of  small  diameter,  a nitride  case  of  0.  001 
in.  becomes  significant.  Figures  5 and  6 show  the  as-received  micro- 
structure and  the  1500°F,  500-min  nitride  case,  respectively,  using  a 
modified  Fry's  etch  and  250X  magnification.  The  fact  that  the  nitriding 
reaction  is  time  and  temperature  dependent  is  shown  by  comparing  the 
nitride  case  formed  after  500  and  5000  min  at  1500°F,  and  5000  min  at 
1700°F,  as  shown  in  Figures  6 through  8.  At  the  higher  temperature  and 
longer  time,  the  case  is  approximately  90%  of  the  entire  cross  section. 

Previous  published  work  indicated  that  Nichrome  V did  not  nitride. 

However,  Figure  9 shows  that  this  material  will  nitride,  under  the  en- 
vironmental conditions  of  the  present  study,  at  a rate  less  than  that  of 
L605.  Figure  lOshows  that  the  Pt-15%Ir  does  not  nitride,  and  there 
were  no  surface  effects  from  a 5000  min  exposure  at  1700°F. 

2.  Tensile  Strength 

j 

The  differences  are  quite  large  at  room  temperature  but  decrease 
markedly  at  temperatures  above  1300°F.  Listed  below  in  Table  11  and 
plotted  in  Figure  11  are  the  ultimate  strengths  of  the  as-received  materials 


Fig.  5 L-605  Wire,  As  Received  Fig.  f>  L-605  Wire,  Exposed  to 

NH3  at  1500°F  for  500  min 


L-605  Wire,  Exposed  to  Fig.  8 L-605  Wire,  Exposed  to 
NHi  at  1500°F  for  5000  min  NH,  at  1700°F  for  5000  min 


Fig.  9 Nichrome  V Wire..  Exposed  Fig.  10  Pt-15%  IR  Wire,  Exposed 

to  NH3  at  1 300°F  for  5000  to  NH,  at  1700°F  for  5000 


at  room  temperature,  1700°F  and  2000°F.  The  platinum  base  alloys 
retain  a greater  percentage  of  their  room  temperature  strength  at 
high  temperatures  but,  in  absolute  terms,  L605  has  higher  strength 
at  temperatures  up  to  2000°F. 


Table  II.  Ultimate  Tensile  Strength  of  Un-nitrided  Wire 


Material 

70°F  (ksi) 

1 700°F  (ksi) 

2000°F 

L-605 

195 

36 

14 

Nichrome  V 

132 

8 

4 

Pt-  15%  Ir 

S3 

24 

15 

Pt-  10%  Rh 

48 

10 

8 

More  important  for  thruster  applications  is  the  strength  after  ex- 
posure to  the  severe  service  conditions.  The  relative  tensile  character- 
istics, after  long-time  nitriding  exposure,  are  shown  in  Figures  12  through 
14,  and  the  individual  characteristics  of  each  material  are  shown  in  Figures 
15  through  18.  The  tensile  strength  of  the  platinum  alloys  was  unaffected 
by  the  severe  simulation  of  service  environment;  however,  the  strengths 
of  the  Nichrome  V and,  to  a greater  extent,  the  L-605  were  degraded  by 
the  exposure. 

This  degradation  in  L-605  tensile  strength  is  exhibited  at  room  temp- 
erature and  up  to  1300°F.  At  higher  temperatures,  the  metal  nitrides 
appear  to  increase  strength  slightly,  as  computed  using  the  original  cross- 
sectional  area  of  the  0.  010-in.  diameter  wire.  Actually,  the  L-605  nitriding 
caused  an  increase  in  diameter  of  up  to  0.  001  in.  Use  of  this  enlarged  area 
would  decrease  the  strength  up  to  21%.  Therefore,  the  cross-over  effect 
illustrated  in  Figure  16  should  not  be  considered  a real  effect. 

In  order  to  compare  the  effect  of  the  nitride  case  on  the  L-605  woven 
wire  and  on  the  smooth  wire,  individual  strands  of  the  woven  wire  were 
tested.  These  strands  had  kinks  from  weaving  which  could  act  as  notches 
if  the  material  were  embrittled.  The  results  are  shown  in  Table  III. 

The  data  indicate  a 10  to  45  ksi  reduction  due  to  kinks,  and  the  severe 
degradation  caused  by  the  nitrided  case.  The  1700°F  - 5000  min  exposure 
results  in  a cross-section  almost  entirely  of  nitrided  L-605.  The  shorter 
times  and  lower  temperature  samples  are,  in  actuality,  composite  ma- 
terials with  a hard  case  ar  i soft  core.  The  brittle  case  is  cracked  as  the 
kinks  attempt  to  straigh.  m under  the  tensile  load.  The  apparent  increase 
in  strength  with  nitriding  temperature  is  due  principally  to  the  area  effect 
and  may  also  be  related  to  the  fact  that  the  nitride  formed  at  high  temper- 
ature is  softer  and  less  friable  than  that  formed  at  the  lower  temperatures 
(see  Section  C- 3). 
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No  data  arc  presented  on  the  reduction  of  area  prior  to  specimen 
fracture  because  it  was  so  erratic.  Generally,  the  platinum  alloys 
were  ductile  and  exhibited  good  reductions  of  area  at  all  temperatures 
and  after  all  exposures.  The  L-605  in  the  as-received  condition  also 
showed  excellent  ductility.  However,  after  nitriding  the  reduction  in 
area  was  nil. 


Table  III.  Ultimate  Tensile  Strength  of  Individual  L-605  Woven 

Wire  Strands  After  Exposure  to  Various  Temperatures 
and  Atmospheres 


Atmosphere 


nh3 

nh3 

NH3 

NH3 

NH3 

NH3 

VAC 


Condition 

Ultimate  Strength  at 

As  received 

185, 000 

1 300°F  - 500  min 

98, 000 

1 300°F  - 5000  min 

90, 000 

1 500°F  - 500  min 

110, 000 

1 500°F  - 5000  min 

90, 000 

1 700°F  - 500  min 

141, 000 

1 700°F  - 5000  min 

98, 000 

1 700°F  - 5000  min 

169,  000 

3.  Hardness 


The  microhardness  measurement  results  are  shown  in  Table  IV.  The 
higher  hardness  of  the  1700°F  core  is  attributed  to  some  partial  nitriding, 
as  shown  in  Figure  8. 

Table  IV.  Rockwell  Hardness  Values  for  0.  010-in.  L-605 

Wire  Nitrided  at  Various  Temperatures-for  500  Min 


Sample 

Core,  R 

c 

Case, 

As  received 

45 

— 

1 300°F  Nitride 

45 

67 

1 500°F  Nitride 

45 

60 

1 700°F  Nitride 

47.  5 

53 

For  thruster  fabrication,  the  bed  screens  are  typically  brazed  to  their 
supports  at  1950°F  for  5 min.  Therefore,  a series  of  nitriding  and  hardness 
tests  were  performed  on  woven  wire  samples  after  a 1950°F/5  min  vacuum 
treatment.  This  resulted  in  annealing  and  clso  a significantly  lower  core 
hardness.  The  depth  of  case  was  not  affected;  however,  the  final  case 
hardness  was  as  described  in  Table  V. 
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ULTIMATE  TENSILE  STRENGTH  (kill  UTLIMATE  TENSILE  STRENGTH  (kill 


ULTIMATE  TENSILE  STRENGTH  lksi| 
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NITRIDING  CONDITIONS: 
O AS  RECEIVED 
■ 1300°  F/  500  minutes 
□ 1 300°  F/  5000  minutes 
♦ 1 500°  F/  500  minutes 
O 1 500°  F/ 5000  minutes 
A 1 700°  F/  500  minutes 
A 1 700°  F/ 5000  minutes 


TEST  TEMPERATURES  l°F) 

Fig.  15  PT-15  IR  Tensile  Strengths  at  Various  Temperature 


NITRIDING  CONDITIONS: 

O AS  RECEIVED 
■ 1 300°  F/  500  minutes 
_ □ 1300°  F/  5000  minutes  _ 

4 1 500°  F/ 500  minutes 
O 1 500°  F/ 5000  minutes 
A 1700°  F/  5000  minutes 

1 1 

TEST  TEMPERATURES  |°F) 

Fig.  16  L-605  Tensile  Strength  at  Various  Temperatur 

96 


ULTIMATE  TENSILE  STRENGTH  Iksi) 


Table  V. 


Rockwell  Hardness  Values  for  0.010-in.  L-605 
Wire  Annealed  at  1950°F  for  5 min  and  Then  Nitrided 


Sa  mple 

Core,  R. 

b 

Case,  R 

As  annealed 

98 

1 050°F  Nitride* 

98 

58 

1 300°F  Nitride 

97 

56.  5 

1 500°F  Nitride 

97 

56 

1 700°F  Nitride 

9 7 

43.  5 

* Normal  commercial  nit  riding  temperature 


The  data  in  Tables  IV  and  V indicate  that  nitride  case  hardness  is 
directly  affected  by  the  basic  hardness  of  the  starting  material  and  is  de- 
pendent upon  the  nit  riding  temperature. 

4.  Screen  Deflection  Tests 

The  results  of  the  screen  deflection  tests  of  Haynes  25  (L605)  and 
Pt-15%  ir  woven  screen  samples  are  shown  in  Figure  19,  wherein  the 
maximum  load  sustained  by  the  screen  specimen  prior  to  yielding  or 
failure  is  plotted  versus  test  temperature.  Because  of  the  constraints 
of  the  compression  test  fixture  and  the  ductility  of  the  Pt-15%  Ir  material, 
those  screen  samples  had  a much  higher  maximum  load  than  the  L-605 
samples  over  much  of  the  test  temperature  range.  The  maximum  loads 
for  the  L-605  samples  exceeded  those  for  the  Pt-15%  Ir  samples  only  af- 
ter the  test  temperature  reached  approximately  1500°F.  All  the  samples 
were  initially  subjected  to  the  same  nitriding  atmosphere  at  1700°F  for 
500  min. 

Figure  20  illustrates  the  typical  L605  "saw-tooth"  load  curves  which 
correspond  to  a load  reduction  as  individual  strands  crack  and  break.  Up 
to  1000°F  there  is  an  initial  discontinuity  (at  a load  of  6 lb)  which  was 
accompanied  in  some  cases  by  an  audible  "tink"  sound  resulting  from  frac- 
ture of  the  first  wire.  This  point  is  the  initial  failure  load  which  is  also 
plotted  in  Figure  19.  Also  shown  is  the  specific  depressed  "hat"  section 
test  specimen,  which  incurred  strand  failure. 

Figure  21  illustrates  that  at  temperatures  above  1500°F  the  nitrided 
layer  on  the  L605  samples  makes  a transition  from  a brittle  to  a ductile 
material,  and  the  load  deflection  curves  take  on  the  appearance  of  the  Pt- 
15%  Ir  curves.  The  Pt-15%  Lr  screen  samples  were  ductile  throughout  the 
entire  test  temperature  range  of  70°F  to  1900°F,  as  evidenced  by  the 
yielded  but  unbroken  test  specimens. 
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Fig.  21.  Screen  Deflection  Test 


III.  CONCLUSIONS 


The  following  conclusions  are  drawn  from  the  results  presented  in  this 
paper: 


Pt-  1 5%  iridium  is  more  suitable  than  Haynes  25  (L605)  for  hydrazine 
thruster  catalyst  bed  retention  screens.  The  increase  in  ductility  is  more 
significant  than  the  accompanying  loss  in  ultimate  tensile  strength. 


Fundamental  metallurgical  laboratory  tests  can  be  used  for  catalyst 
bed  screen  material  selection  to  reduce  the  scope  of  thruster  development 
progra  ms. 


IV.  R ECOMMENDA TIONS 


It  is  recommended  that  metallurgical  investigation  of  Pt-lr  alloys  should 
continue  for  possible  improvement  of  resistance  to  crack  formation  in  a 
screen  matrix.  Included  in  the  study  should  be  a stronger  alloy  (20  to  25% 
iridium)  and  a more  ductile  alloy  (10%  iridium). 


10 
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Similar  metallurgical  properties  for  alternate  materials  in  use  should 
be  established  for  correlation  with  thruster  life  test  results. 

Finally,  an  improved  laboratory  test  should  be  developed  to  force  c^ack 
formation  in  a screen  matrix  due  to  thermal  cycling  in  a nitriding 
atmosphere. 
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SATURN  IB /SKYLAB  IV  STRESS  CORROSION  PROBLEMS 


INTRODUCTION 


The  highly  successful  NASA  Skylab  Program  was  completed  upon  the  return  of  the 
third  crew  on  February  9,  1974  after  84  days  in  earth  orbit.  Each  of  the  crews  com- 
posed of  three  astronauts  had  been  launched  to  their  Skylab  missions  by  Saturn  IB 
vehicles  designed  and  built  as  part  of  the  Apollo  Program.  A typical  view  of  the 
launch  vehicle,  in  the  process  of  rollout  from  the  Vehicle  Assembly  Building  to 
Launch  Complex  39B  at  the  Kennedy  Space  Center,  is  shown  in  Figure  1.  Saturn  Vehi- 
cles 206,  207,  and  208  were  used  for  crew  launch. 

The  three  Saturn  IB  stages  flown  in  the  Skylab  Program  (S-IB-6,  S-IB-7,  and 
S-IB-8)  were  assembled  and  static  fired  in  1966  for  launches  scheduled  in  1967. 

They  were  part  of  the  Saturn  IB  series  of  launch  stages  originally  intended  for  the 
purpose  of  qualifying  Apollo  hardware  in  earth  orbit  prior  to  the  lunar- landing. 

Many  dual  launches  were  planned  and  a total  of  fourteen  S-IB  stages  were  built. 
However,  as  the  Saturn  V lunar  program  accelerated,  and  confidence  in  the  Apollo 
were  increased,  S-IB  missions  were  reassigned  and  flown  on  a Saturn  V Stage.  The 
five  Saturn  IB  missions  flown  were  successful,  thereby  eliminating  the  need  for  S-IB 
Stages  to  back  up  subsequent  Apollo  missions.  The  nine  remaining  stages  from  the 
Apollo  Program  were  placed  in  storage. 

The  potential  for  problems  arising  from  the  extended  life  of  the  S-IB  Stages 
was  recognized  and  a storage  plan  was  placed  in  effect.  Each  stage  was  stored  in 
a tent  enclosure  within  the  Michoud  Plant,  beginning  in  1968.  The  control  of  tem- 
perature, humidity  and  contaminants  in  the  enclosure  was  subject  to  specified  veri- 
fications. Storage  was  discontinued  for  each  Skylab  assigned  stage  in  1972  accord- 
ing to  the  scheduled  requirements  of  checkout,  preparation  for  shipment  and  launch. 

Design  applications  of  stress  corrosion  susceptible  alloys  became  a matter  of 
concern  as  additional  technical  knowledge  of  such  alloys  was  generated  and  the  age 
of  the  hardware  increased.  An  inspection  procedure  was  prepared  for  selected  struc- 
tural and  mechanical  parts.  Periodic  inspections  were  to  be  performed  at  the 
Michoud  Plant  after  each  stage  was  removed  from  storage  and  at  Kennedy  Space  Center 
after  erection  for  launch.  The  final  inspection  was  required  to  be  accomplished 
within  thirty  days  of  launch. 

All  stress  corrosion  inspections  were  negative  for  the  S-IB-6  and  S-IB-7 
Stages,  but  two  incidents  of  stress  corrosion  cracking  of  primary  structural  parts 
occurred  on  the  S-IB-8  Stage.  This  paper  presents  the  rationale  that  was  used  to 
assure  the  structural  integrity  of  that  stage  as  a result  of  the  cracks  in  the  rear 
spar  attach  points  for  the  fins  and  in  one  E-beam  of  the  thrust  support  structure. 

The  science  of  Linear  Elastic  Fracture  Mechanics  was  used  to  develop  a sys- 
tematic approach  to  the  problem  of  fracture  control  of  stress  corrosion  susceptible 
structure.  The  basic  elements  of  the  approach  are  shown  in  Figure  2.  The  rectangu- 
lar elements  are  fracture  mechanics  properties  or  calculations  and  the  circular  ele- 
ments are  inputs  from  other  disciplines.  A flaw  must  already  be  present  in  the 
material,  having  been  produced  by  chemical  or  mechanical  means  (e.g.,  corrosion  or 
fatigue)  or  introduced  during  the  manufacturing  process.  Sustained  stress  is  intro- 
duced into  the  part  as  residual  stress  from  the  fabrication  process,  assembly  stress 
from  clamp-up  effects  or  long-time  service  loads.  Through  the  use  of  the  stress  in- 
tensity, K,  as  a data  correlation  parameter,  laboratory  data  on  stress  corrosion 
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threshold  (KISCC)  and  crrck  growth  rate  (— ) can  be  used  to  define  service  condi- 

dt 

tions  which  will  cause  initiation  of  crack  growth,  crack  growth  rate  and  eventual 
crack  size.  Laboratory  data  on  fatigue  crack  growth  rate  ( — ) and  critical  stress 
intensity  (Kc)  can  be  used  with  design  stress  data  to  predict  in-service  crack 
growth  and  critical  crack  size.  Results  of  these  analyses  provide  input  to  the 
formulation  of  a fracture  control  approach,  which  can  lie  within  a spectrum  ranging 
from  "use  as  is"  to  "change  design." 


The  fin  analysis  focused  on  the  mechanism  of  crack  formation,  while  the  E-bean 
analysis  involved  almost  the  full  procedure  outlined  in  Figure  2.  A discussion  of 
those  problems  and  their  solution  follows. 


STRESS  CORROSION  CRACKING  OF  THE  REAR  SPAR  OF  THE  S-IB-8  STAGE  FINS 


The  inboard  rear  spar,  Figure  3,  is  processed  as  a closed  die  forging  of  7079- 
T652  Aluminum  Alloy.  It  is  approximately  42"  x 24"  x 12"  in  size  and  the  final  ma- 
chined part  weighs  52  pounds.  It  is  one  of  two  inboard  spars  which  attach  each  of 
the  eight  fins  to  the  S-IB  Stage,  Figure  4.  Fins  are  shipped  separately  to  the 
Kennedy  Space  Center  in  containers  and  are  attached  to  the  stage  upon  erection  in 
the  Vehicle  Assembly  Building.  The  fins  have  a flight  function  and,  in  addition, 
are  the  support  base  for  the  stacked  space  vehicle.  Figure  1,  prior  to  launch. 

Stress  corrosion  inspections  of  the  S-IB-8  Stage  fins,  prior  to  shipment  to 
the  Kennedy  Space  Center  and  reinspection  during  the  period  September  26,  1973  to 
October  2,  1973  while  on  the  launch  pad,  did  not  reveal  any  cracks. 

The  cracked  spars  were  discovered  on  November  6,  1973  during  the  final  stress 
corrosion  inspection  which  was  performed  after  full  propellant  loading  of  the  space 
vehicle  had  been  performed  as  part  of  the  Countdown  Demonstration  Test  conducted 
four  days  earlier.  At  the  time  of  inspection,  the  fuel  tanks  were  loaded  and  the 
extent  of  cracking  in  the  lower  spotface  area  of  the  left  and  right  hand  mounting 
pads  of  the  rear  spars  was  clearly  visible,  Figure  5.  Fifteen  of  the  total  sixteen 
locations  on  the  eight  fins  exhibited  cracks  of  varying  lengths  extending  from  the 
edge  of  the  mounting  pad  to  approximately  3/4  inch  inboard  of  the  spotface. 

Although  the  cracks  differed  in  length,  the  upper  circumference  of  each  spot- 
face  was  involved.  A typical  view  i shown  by  fluorescent  dye  in  Figure  6.  The 
absence  of  a radius  on  the  spotface  tool,  which  created  a sharp  nofch  effect  in  the 
corner  of  the  spotface,  is  apparent  in  Figure  7.  Also,  damage  to  the  protective 
coatings  is  evident.  Damage  to  protective  coatings  is  incurred  in  the  process  of 
attachment  of  the  fins  to  the  S-IB  Stage  and  also  because  this  bolt  hole  is  an  at- 
tach point  for  holding  fins  in  shipping  containers. 

Macro  examinations  of  metallurgically  polished  sections  of  the  mounting  pads 
revealed  that  the  forging  process  produced  a grain  flow  transition  which  resulted 
in  a short  transverse  grain  in  the  area  of  the  cracks,  Figures  8 and  9. 

Evidence  of  pitting  corrosion,  Figure  10,  was  observed.  However,  a clear  in- 
dication of  a point  of  initiation  for  any  of  the  fractures  was  not  determined.  The 
microstructure,  Figure  11,  is  typical  for  a 7079-T652  aluminum  forging  alloy.  The 
hardness  was  Rockwell  "E"  109  and  spectrographic  analysis  confirmed  the  composition 
to  be  7079,  as  specified. 

Fracture  studies  conducted  by  the  Metallurgical  Analysis  Branch,  Materials 
and  Process  Laboratory,  MSFC,  confirmed  that  stress  corrosion  cracking  was  the  mode 
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of  failure.  The  SEM  micrograph.  Figure  12,  indicates  an  intergranular  fracture 
with  secondary  cracking  and  corrosion  products.  The  fractograph,  Figure  13,  de- 
picts the  "rock  candy"  appearance  characteristic  of  stress  corrosion. 

The  cracking  of  the  fin  spars  in  fifteen  of  sixteen  locations  presents  a 
classical  case  of  stress  corrosion.  The  sharp  notch  in  the  spotface  circumference, 
coincident  with  the  short  transverse  grain,  damage  to  the  protective  coatings  and 
exposure  to  the  corrosive  environment  at  the  launch  pad,  are  factors  which,  com- 
bined with  sustained  tensile  stresses  and  age,  resulted  in  cracking  of  this  stress 
corrosion  susceptible  alloy. 

The  criteria  flight  loads  and  crack  geometry  were  sufficient  to  cause  propa- 
gation of  the  existing  cracks  during  flight.  It  was  impractical  to  predict  final 
crack  length  and  net  structural  capability  without  testing  one  or  more  cracked  fins. 
Because  replacement  fins  were  available,  the  decision  was  made  to  replace  all  of 
the  cracked  fins.  The  fact  that  cracking  had  occurred  at  fifteen  of  sixteen  possi- 
ble locations  during  an  apparently  short  time  frame  raised  the  question  of  the 
cause  of  the  cracking.  More  specifically,  it  was  necessary  to  determine  whether  it 
was  possible  for  the  cracking  to  occur  again  during  the  time  period  preceding  launch. 

The  most  significant  fracture  mechanics  properties  for  this  problem  pertain 
to  sustained  stress  flaw  growth  behavior.  Figure  14  is  from  the  Damage  Tolerant 
Design  Handbook,  MCIC-HB-01,  and  represents  a composite  plot  of  available  crack 
growth  data,  with  crack  growth  rate  plotted  as  a function  of  the  stress  intensity 
parameter,  K This  represents  averaged  data  for  plates  and  die  forgings  in  a salt 
solution,  hence  is  not  strictly  applicable  to  this  problem,  but  it  was  an  adequate 
representation  for  the  purpose  at  hand.  Figure  14  shows  a plateau  value  of  2-3 
inches  per  h ur  for  the  flaw  growth  rate,  at  stress  intensities  ranging  from  11  KSI 
Ju\  upward,  This  is  a very  high  sustained  stress  flaw  growth  rate  - the  highest 
reported  in  the  Damage  Handbook  for  any  aluminum  alloy.  Figure  14  also  shows  that 
flaw  growth  has  been  observed  at  stress  intensities  as  low  as  4 KSI  /In,  but  in  con- 
sideration of  the  less  severe  environment  and  the  short  service  life  of  the  replace- 
ment fins  the  threshold  stress  intensity  (Kiscc)  was  taken  as  7 KSI  Kn. 

The  initial  flaw  depth  was  taken  as  .002  inches,  which  was  the  depth  of  cor- 
rosion pits  which  had  been  observed  at  the  fin  spar  pad  location  on  the  cracked 
fins,  Figure  10.  This  is  a resonable  assumption,  since  all  fins  receive  the  same 
protective  coatings  and  are  stored  under  the  same  conditions. 

The  constant  stress  required  for  stress  corrosion  crack  growth  is  induced  in 
the  fin  spar  pad  by  three  mechanisms  - residual  stress  due  to  the  manufacturing 
process,  assembly  stress  due  to  clamp-up  effects  during  fin  installation  and  stresses 
resulting  from  normal  service  loads.  Residual  stress  measurements  were  made  by 
the  blind  hole  drilling  method  at  thirteen  locations  on  each  of  two  production  fin 
spar  forgings.  The  highest  tension  stress  recorded  was  8.0  KSI,  and  the  mean  re- 
sidual tension  stress  was  3.5  KSI.  Typical  residual  stress  profiles  are  shown  in 
Figure  15.  Assembly  stress  was  evaluated  experimentally  using  an  instrumented  fin 
assembly,  and  it  was  determined  that  a stress  of  3.0  KSI  could  be  expectec  in  the 
crack-opening  direction  due  to  clamp-up  effects.  Service  stress  levels  were  de- 
termined by  extrapolation  of  structural  test  data.  These  are  introduced  at  the  fin 
attachment  locations  by  "heel  and  toe"  loads  due  to  vehicle  weight,  so  they  vary 
with  the  amount  of  fuel  on  board.  During  most  of  the  prelaunch  period,  the  vehicle 
is  empty  and  the  service  stress  is  3.1  KSI.  The  non-cryogenic  fuels  are  loaded  ap- 
proximately two  to  three  weeks  preceding  launch  and  stay  on  board  thereafter.  The 
service  stress  for  this  condition  is  7.7  KSI.  The  cryogenic  fuels  are  on  board  for 
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several  hours  during  Countdown  Demonstration  Test  (CDDT) , which  is  approximately  one 
week  before  launch,  then  are  reloaded  a few  hours  before  launch.  This  produces  a 
stress  of  22.3  KSI. 

Stress  concentration  effects  cause  a sharp  increase  in  the  sustained  stress 
level  in  the  vicinity  of  the  sharp  corner  of  the  spotface.  This  stress  concentra- 
tion factor  was  estimated  from  handbook  data  as  lying  within  the  range  of  3.0  to 
8.0.  The  stress  level  is  increased  by  this  factor  immediately  at  the  corner,  but 
drops  off  sharply  with  distance  from  the  notch.  In  consideration  of  the  spar  pad 
geometry  and  the  loading  conditions,  .050  was  taken  as  a reasonable  estimate  of  the 
zone  of  influence  of  the  stress  concentration  effect. 

Figure  16  is  a plot  of  stress  level  required  for  crack  growth  versus  effective 
surface  flaw  depth  ("a/Q"),  assuming  a threshold  stress  intensity  of  7.0  KSI  /in. 
Figure  16  shows  that  a flaw  depth  of  .002  requires  a sustained  stress  level  of  82 
KSI  to  initiate  crack  growth.  This  is  an  invalid  flaw  growth  threshold  because  it 
is  above  the  material  yield  strength  of  60  KSI.  In  such  cases,  the  conservative  ap- 
proach is  to  set  the  threshold  equal  to  the  yield  strength,  hence  the  criterion  for 
initiation  of  flaw  growth  from  a corrosion  pit  was  set  at  60  KSI.  Another  signifi- 
cant criterion  is  the  stress  required  to  sustain  flaw  growth  outside  of  the  zone  of 
influence  of  the  stress  concentration  effect.  This  is  the  stress  level  corresponding 
to  a stress  intensity  of  7.0  KSI  /In.  at  a flaw  depth  of  approximately  .050,  which 
is  shown  in  Figure  16  to  be  16  KSI.  Hence  the  minimum  design  stress  level  which  can 
cause  extensive  cracking  was  taken  as  16  KSI. 

Table  1 summarizes  the  crack  growth  potential  for  each  of  the  on-pad  design 
conditions.  The  maximum  stress  range  represents  a stress  concentration  factor  of 
3.0  to  8.0  applied  to  the  total  mean  stress  level  defined  earlier,  and  is  the  range 
of  stress  levels  which  are  possible  at  the  corner  of  the  spotface.  As  stated  above, 
initial  crack  propagation  from  a corrosion  pit  can  occur  within  the  stress  concen- 
tration zone  if  the  maximum  stress  exceeds  60  KSI  and  propagation  can  continue  if 
the  sustained  stress  exceeds  16  KSI.  Table  1 shows  that  limited  crack  growth  is  pos- 
sible prior  to  loading  cryogenics  and  that  extensive  crack  growth  can  occur  while 
the  vehicle  is  fully  loaded.  Referring  to  Figure  14,  flaw  growth  rate  increases 
sharply  with  stress  intensity  for  this  material  until  the  limiting  "plateau”  value 
is  attained.  Since  stress  intensity  varies  linearly  with  the  stress  level,  and  the 
on-pad  fully-loaded  condition  produces  a stress  which  is  significantly  above  the 
threshold,  it  appears  that  rapid  flaw  growth  is  possible  at  this  time.  Although  this 
condition  exists  for  only  two  to  three  hours  prior  to  launch,  the  possibility  of 
cracking  on  the  replacement  fins  could  not  be  ruled  out. 

A fitting  was  designed  to  provide  local  reinforcement  at  the  fin  attach  points 
in  the  event  of  further  cracking.  This  fitting  is  shown  in  Figure  17.  A structural 
test  of  a cracked  fin  with  fittings  installed  demonstrated  an  adequate  factor  of 
safety.  Based  on  that  test  result,  the  decision  was  made  to  resume  the  countdown 
procedure  following  installation  of  uncracked,  reinforced  fins. 

STRESS  CORROSION  CRACKING  OF  UPPER  E-BEAM  OF  THE  S-IB-8  STAGE  THRUST  STRUCTURE 


The  upper  E-beam  is  processed  iro.n  a hand  forged  billet  of  7178-F  aluminum 
alloy.  The  process  sequence  is:  rough  machine,  solution  treat,  straighten,  age  to 
T6,  finish  machine  and  apply  alodine  plus  two  spray  coats  of  zinc  chromate  primer. 
The  part  is  approximately  82"  x 7"  x 6"  i.i  size  and  the  final  machined  part  weighs 
50  pounds. 

The  E-beams  are  the  upper  and  lower  structural  members  for  the  eight  out- 
rigger assemblies.  They  are  fastened  to  the  outrigger  shear  panels,  Figure  18,  and 
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a pair  of  these  assemblies  is  joined  together  to  form  one  outrigger  assembly.  The 
outriggers  are  attached  to  the  center  barrel,  Figure  19,  and  extend  radially  out- 
board to  provide  attaching  points  for  the  fins,  support  the  eight  70-inch  diameter 
propellant  tanks  and  resist  the  thrust  loads  of  the  four  outboard  engines. 

E-beam  cracks  were  first  discovered  on  S-IB-9  which  was  the  backup  stage  for 
the  Skylab  4 mission.  Cracks  were  noted  on  two  upper  E-beams  during  the  installa- 
tion of  fins  on  August  24,  1973.  Inspection  of  the  complete  inventory  of  E-beams 
revealed  one  crack  in  the  Fin  4 upper  E-beam  of  the  S-IB-8  Stage.  The  crack  was 
located  in  the  lower  bay  of  the  beam  eight  inches  from  the  inboard  end  and  was  ap- 
proximately 2.5  inches  long,  Figure  20. 

A coupon,  containing  the  entire  crack  area,  was  removed  from  the  E-beam  and 
subjected  to  metallurgical  examination.  Fracture  studies  conducted  by  the  Metal- 
lurgical Analysis  Branch,  Materials  and  Process  Laboratory,  MSFC,  confirmed  that 
stress  corrosion  cracking  was  the  mode  of  failure,  reference  Figure  21.  The  micro- 
structure was  normal  for  a 7178  T6  alloy  in  all  areas  where  cracks  occurred.  It  was 
noted  that  the  fracture  surfaces  were  very  close  together  (tight  cracks)  and  a tena- 
cious oxide  film  existed  on  all  fracture  faces.  Because  the  stages  were  stored  from 
August  1968  to  March  1972  in  a controlled  environment,  it  is  reasonable  to  assume 
that  it  took  a long  time  to  build  up  such  an  oxide  film  and  that  these  were  old 
cracks.  The  discovery  of  zinc  chromate  primer  in  one  crack  (S-IB-9)  further  sub- 
stantiates this  assumption.  It  was  significant  to  note  that  the  E-beam  cracks  all 
occurred  in  planes  parallel  to  the  long  dimension  of  the  part,  but  there  was  no  pre- 
ferred location  or  orientation  otherwise. 

The  E-beams  were  repaired  by  replacing  the  cracked  material  with  auxiliary 
hardware.  A typical  repair  is  shown  in  Figure  22.  Because  the  possibility  of  ad- 
ditional cracks  occurring  could  not  be  excluded,  a fracture  control  rationale  was 
required  for  the  E-beams.  The  basis  for  that  rationale  was  in  linear  elastic  frac- 
ture mechanics,  and  it  encompassed  most  of  the  procedure  outlined  in  Figure  2. 
Standard  fracture  mechanics  tests  were  conducted,  using  specimens  cut  from  produc- 
tion E-beams  to  establish  Mode  I and  Mode  II  fracture  toughness  (Kjq  and  Kjjq)  , sus- 
tained stress  flaw  growth  threshold  (Kjscc)  and  sustained  stress  flaw  growth  rate 
(^a/dt).  Residual  stress  measurements  were  taken  on  flight  configuration  spare 
parts.  The  test  data  were  used  with  stress  analysis  results  to  quantitatively  eval- 
uate the  possible  extent  of  cracking  and  resulting  structural  behavior. 

Static  fracture  tests  were  conducted  on  thru-thickness  cracked  specimens, 
with  all  cracks  in  the  transverse  grain  direction.  The  specimen  load  lines  were 
oriented  at  varying  angles  to  the  crack  to  impose  combined  tension  and  shear  load- 
ing in  varying  ratios.  This  "mixed  mode"  loading  condition  exists  in  most  areas  of 
the  E-beams  which  are  susceptible  to  cracking.  The  test  results  are  presented  in 
Figure  23  as  a plot  of  Mode  I vs.  Mode  II  stress  intensity  at  failure,  each  one 
normalized  by  the  single-mode  critical  stress  intensity,  24  KSI  /In.  and  26  KSI 
/In.,  respectively. 

Sustained  stress  flaw  growth  behavior  was  evaluated  using  double  cantilever 
beam  (DCB)  specimens.  The  DCB  specimen  provides  a decreasing  stress  intensity  with 
crack  growth  for  constant  displacement  of  the  load  points.  The  specimens  were 
initially  loaded  to  a stress  intensity  close  to  the  failure  point.  The  crack  growth 
rates  measured  early  in  the  test  gave  an  indication  of  the  maximum  crack  growth  rate 
attainable  under  stable  conditions.  The  stress  intensity  at  crack  arrest  was  taken 
as  Kjscc>  t^ie  minimum  stress  intensity  for  flaw  growth  under  sustained  stress  condi- 
tions. A total  of  eight  specimens  were  tested,  four  each  in  distilled  water  and  salt 
water  to  bracket  the  seacoast  environment  at  the  launch  facility.  Five  of  the  eij>ht 
specimens  showed  no  growth  at  stress  intensities  ranging  from  7.0  to  2b. 0 KSI  /in. 
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Of  the  remaining  three  specimens,  the  lowest  stress  intensity  at  which  crack  growth 
occurred  was  12.0  KSI  /In.  and  the  highest  crack  growth  rate  observed  was  .0043 
in/hr.  The  test  results  for  these  three  specimens  are  shown  in  Figure  24- 

Figure  25  shows  typical  results  of  residual  (processing)  stress  measurements 
made  on  an  E-beam  taken  from  storage.  This  data  was  generated  by  the  blind  hole 
drilling  method.  The  residual  stress  survey  concentrated  on  the  web  and  ribs  be- 
cause these  areas  experience  the  highest  service  stresses  in  the  crack-propagating 
directions.  Additional  measurements  were  taken  on  the  flanges  at  two  external 
points  (not  shown)  which  indicated  residual  compression  stresses  in  the  potential 
crack  opening  direction  of  the  same  magnitude  as  those  on  the  web.  The  results  of 
the  residual  stress  measurements  can  be  summarized  as  follows: 

1.  The  web  stress  was  low  (less  than  7.0  KSI),  varying  along  the  length  in 
an  irregular  manner. 

2.  Extremely  high  residual  tension  stress  ( >45  KSI)  was  measured  in  the  in- 
board rib  just  below  the  surface.  This  stress  was  always  in  the  7-inch  direction, 
tending  to  produce  a crack  in  the  3-inch  direction. 

3.  In  all  areas  of  high  residual  tension  or  compression,  the  stress  approaches 
zero  at  the  surface. 

Potential  locations  for  stress  corrosion  cracks  were  established  in  considera- 
tion of  grain  direction,  residual  stress  and  assembly  stress.  Cracks  were  assumed 
possible  wherever  the  combined  residual  and  assembly  stress  exceeded  the  stress  cor- 
rosion threshold  of  7 KSI  in  the  transverse  grain  direction.  The  potential  crack 
locations  for  the  upper  E-beams  are  shown  in  Figure  26.  Most  of  these  were  in  areas 
of  high  potential  assembly  stress,  the  residual  stress  not  being  high  enough  alone 
to  cause  cracking.  The  exceptions  are  the  end  rib  cracks  (Aj,  A2,  Gl , G2  and  G3) 
which  were  postulated  because  of  the  extremely  high  residual  stresses  that  had  been 
measured  in  those  areas.  The  tail  section  assembly  procedure  included  precision 
alignment  and  shimming  methods  which  virtually  eliminated  assembly  stress  at  these 
locations . 


The  sustained  stress  crack  growth  data  obtained  on  this  program  were  0.  mbined 
with  existing  data  on  7178-T6  material  to  formulate  criteria  for  quantitatively  as- 
sessing the  possible  crack  length  at  each  potential  crack  locatiqn.  As  ground  rules 
for  this  study,  a stress  corrosion  threshold  stress  of  7.0  KSI  and  a Kiscc  value  of 
10.0  KSl/Tn.  were  assumed.  The  method  for  predicting  potential  crack  size  is  shown 
schematically  in  Figure  27.  The  dotted  line  depicts  one  half  of  a typical  sustained 
stress  profile  (assembly  plus  processing  residual),  which  is  usually  locally  sym- 
metric about  an  attach  point.  If  this  stress  exceeds  7 KSI,  a crack  will  form  and 
grow  by  the  standard  stress  corrosion  mechanism.  It  will  continue  to  grow  as  long 
as  the  stress  near  the  crack  tip  exceeds  7 KSI  and  it  will  also  grow  if  the  combina- 
tion of  stress  and  crack  length  produces  a stress  intensity  above  that  required  for 
sustained  stress  flaw  growth,  Kjscc-  1°  t*le  plQt  shown,  the  solid  line  represents 
a crack  arrest  envelope  within  which  a crack  will  not  grow  under  sustained  stress 
conditions.  The  intersection  of  that  line  with  the  sustained  stress  line  defines 
the  maximum  possible  extent  of  a crack.  It  should  be  noted  that  this  representa- 
tion does  not  take  into  account  secondary  effects  associated  with  crack  growth, 
such  as  the  stress  relieving  effect  of  a growing  crack  due  to  decreased  structural 
stiffness. 
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The  critical  crack  size  was  calculated  for  each  potential  crack  location, 
using  design  stress  levels  and  the  failure  criterion  shown  in  Figure  23.  Table  2 
shows  the  results  of  that  study  and  compares  them  to  the  corresponding  potential 
crack  size,  estimated  by  the  preceding  method.  Assessment  categories  were  assigned 
to  each  crack  location  based  on  the  following  criteria: 

o Category  X:  The  possible  crack  size  exceeds  the  critical  crack  size. 

o Category  Y:  The  critical  crack  size  exceeds  the  possible  crack  size  by  a 

significant  margin. 

o Category  Z:  The  design  stress  level  in  the  crack-opening  direction  is  so 

low  that  unstable  crack  propagation  is  not  possible. 

In  consideration  of  the  slow  flaw  growth  rate  for  the  E-beam  material,  peri- 
odic inspection  was  considered  a sufficient  safeguard  against  calculational  inac- 
curacies for  all  Categories  Y and  Z locations. 

The  Category  X cracks  were  analyzed  to  determine  likelihood  of  detection,  pos- 
sible extent  of  unstable  crack  propagation  and  resulting  structural  capability. 

All  Category  X cracks  are  located  in  the  inboard  ribs  and  would  be  due  entirely  to 
the  high  residual  tension  stress  that  was  measured  in  this  area.  All  of  the  data 
were  consistent  in  showing  tension  stress  on  the  visible  surface  and  compression 
stress  on  the  hidden  surface,  so  it  was  unlikely  that  a crack  would  form  in  an  area 
that  was  inaccessible  to  inspection.  However,  the  minimum  critical  crack  size  in 
this  area  is  0.18  inches  and  a crack  of  this  size  cu  Id  conceivably  exist  under  a 
bolt  head  or  could  develop  from  a smaller  crack  after  the  final  inspection.  The 
crack  would  be  in  the  3-inch  direction,  normal  to  the  high  residual  tension  stress 
(see  Figure  26).  There  are  two  main  tension  bolts  in  this  area,  and  the  failure 
mode  would  be  loss  of  effectiveness  of  a single  bolt  with  crack  arrest  in  the  vicin- 
ity of  the  rib-web  interface.  The  other  bolt  would  still  be  active,  and  by  analysis, 
would  be  able  to  carry  the  total  E-beam  load  with  an  adequate  factor  of  safety  for 
all  design  load  conditions.  If  two  failures  occurred  at  the  same  end  of  an  E-beam, 
the  total  load  capability  at  that  point  would  be  lost.  This  condition  was  also  an- 
alyzed and  it  was  found  that  there  is  sufficient  structural  redundancy  in  the  out- 
rigger assembly  to  transfer  all  loads  to  the  adjacent  structural  and  maintain  an 
adequate  factor  of  safety. 

The  E-beams  were  also  analyzed  for  possible  structural  deficiencies  which 
might  result  in  the  event  of  nominal-sized  cracks  occurring  at  each  of  the  Cate- 
gories Y and  Z locations.  It  was  determined  that  a potential  problem  existed  at 
the  upper  E-beam  "C-2"  location,  which  is  the  support  point  for  the  70-inch  LO2 
tanks.  Although  the  crack  size  required  for  unstable  crack  propagation  is  very 
large,  the  reduction  in  local  stiffness,  resulting  from  the  introduction  of  a three 
inch  crack  at  this  location,  would  cause  a reduction  in  overall  vehicle  stability 
against  wind  loading.  It  was  determined  that  after  rollback  of  the  Mobile  Service 
Structure,  the  required  safety  factors  against  this  failure  mode  would  not  be  met 
if  the  winds  exceeded  31  knots. 

The  results  of  the  E-beam  study  were  presented  to  a committee  of  fracture  con- 
trol experts  and  Skylab  program  officials.  The  decision  was  made  to  continue  the 
periodic  stress  corrosion  inspections  and,  in  the  absence  of  further  cracking,  to 
fly  the  S-IB-8  with  the  repaired  E-beams.  A launch  rule  w ar  established  precluding 
rollback  of  the  Mobile  Service  Structure  if  peak  winds  were  predicted  to  exceed  30 
knots . 
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CONCLUSION 

The  Chrysler  Corporation  Space  Division  approach  to  fracture  control  of  stress 
corrosion  susceptible  hardware  in  the  as-built  state  has  been  outlined.  The  estab- 
lishment of  a fracture  control  plan  for  each  critical  structural  component  on  the 
S-IB  Stage  that  is  fabricated  from  stress  corrosion  susceptible  material,  has  be- 
come a formal  requirement  for  the  Apollo-Soyuz  mission  next  year.  Each  detail  part 
will  be  analyzed  to  assess  the  potential  for  stress  corrosion  cracking  and  subse- 
quent structural  behavior,  in  essentially  the  manner  presented  in  this  paper. 
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Figure  1.  Saturn  IB  Launch  Vehicle 
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Figure  9.  Forging  Grain  Transition  - Mounting  l'ad 
Inboard 


Figure  8.  Forging  Grain  Transition  - Mounting  Pad, 
Outboard 


Figure  11,  Hear  Spar  Microstructure  - ZOOX,  Keller’s 


Figure  10.  Typical  Spar  Crack  with  Pit  - 50X  (KSC 


Figure  12.  SEM  Micrograph  - Fract  re  Surface,  100UX 
(MSFC  photo) 


Figure  13.  Fracture  Surface  - TEM,  3150X  (MSFC 
photo) 
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Figure  26.  Potential  Crack  Locations  - Upper  E-Beam 


CRACK  LENGTH  AND  E-BEAM  LOCATION  (IN.) 


Figure  27.  Crack  Initiation  and  Growth-Sustained  Stress 
Conditions 
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Table  1.  Crack  Growth  Potential  in  the  S-IB  Fin  Spar  Pad 
for  the  Three  On-Pad  Load  Conditions 


Condition 


On-Pad,  No  Fuel 


Cryogenics 


Sustained  Stress  ,KS1  ] 

Beyond  Stress 
Cone.  Zone 

Within  Stress 
Cone.  Zone 

‘1.  (i 

2*1-77 

14.2 

411-1 14 

2K.  K 

S(,-2:in 

Assessment 

Limited  crack  growth  possible, 
within  stress  concentration  zone, 
No  extensive  cracking. 

Limited  crack  growth  likely, 
within  stress  concentration  zone. 
No  extensive  cracking. 

Kxtensive  crack  growth  likely. 


Table  2.  Assessment  of  E-Beam  Stress  Corrosion  Crack- 
ing Potential 


UPPER  E-BEAM 


LOWER  E-BEAM 
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•DESCRIPTION  Of  ASSESSMENT  CATEGORIES: 

CATEGORY  X - POSSIBLE  CRACK  LENGTH  --  CR'TICAL  CRACK  LENGTH 
CATEGORY  Y - POSSIBLE  CRACK  LENGTH  CRITICAL  CRACK  LENCTH 
CATEGORY  Z - CRITICAL  CRACK  LENGTH  LARGE 


INCIDENTS  OF  CORROSION  ON  MANNED  SPACECRAFT 
- THEIR  CAUSE  AND  PREVENTION  - 

H.  M.  Clancy 
Space  Division 
Rockwell  International 
Downey,  California 


ABSTRACT 


The  Apollo  program  has  spanned  twelve  years  and,  following  the  Mercury  and 
Gemini  programs,  is  the  culmination  of  the  first  phase  of  this  country's  exploration 
of  space.  Apollo  also  plays  a major  role  in  the  second  phase,  the  Skylab  program. 
We  are  now  undertaking  the  third  phase  of  man  in  space  with  the  Shuttle  program 
which  will  affect  the  consolidation  and  application  of  this  new  frontier  for  the 
benefit  of  all  mankind. 

At  the  start  of  the  Apollo  program  there  were  many  unknowns  and  much  concern 
regarding  the  corrosion  resistance  of  a manned  space  vehicle: 

• How  would  the  exotic  materials  behave  on  the  ground  and  in 
space? 

• What  would  be  the  effects  of  using  minimum  gage  metals  to 
save  weight? 

• What  would  be  the  effects  of  extremely  corrosive  fluids? 

. Would  corrosion  be  accelerated  by  extended  pad  "holds"  just 
a few  hundred  feet  from  the  ocean? 

• What  would  happen  if  an  astronaut  spilled  a bag  of  urine  inside 
the  crew  bay? 

These  and  many  other  questions  were  raised  and  eventually  answered.  We  learned 
many  things;  most  of  which  were  simply  a reiteration  of  classic  corrosion  problems. 
We  learned  how  to  handle  the  "exotic"  materials  and  that  once  their  limitations 
were  known,  they  become  ordinary.  We  learned  that  our  concern  for  a multitude 
of  unknowns  was  indeed  extreme  and  largely  unfounded.  We  learned  that 
corrosion  problems  on  a manned  space  program  are  the  usual  problems  of  any  new 
product  - aluminum  corrodes  and  must  be  adequately  protected,  dissimilar  metal 
couples  corrode  vigorously,  parts  must  be  adequately  protected  through  in-plant 
processing,  water  is  one  of  the  most  corrosive  fluids  aboard. 
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INTRODUCTION 


In  1963,  early  in  the  Apollo  program,  NASA  asked  many  of  the  major  subcontractors 
to  attend  a corrosion  control  conference  at  the  site  of  future  Apollo  launches, 
Kennedy  Space  Center.  At  that  time  the  Vertical  Assembly  Building  was  a skeleton 
of  steel  barely  visible  under  mass  of  construction  workers.  In  the  lobby  to  the 
conference  room  were  displayed  numerous  photographs  and  bottled  specimens  of 
alligators,  rodents,  spiders  and  snakes  captured  on  previous  Cape  construction  sites. 
One  rattlesnake  had  the  dimensions  of  a boa  constrictor  and  rattlers  as  big  as  your 
thumb.  The  whole  Cape  area  at  that  time  typified  man's  struggle  against  nature. 
Indeed,  the  conference  continued  this  theme,  emphasizing  the  extreme  tropical  sea 
coast  environment.  Needless  to  say,  NASA  got  its  point  across  quite  well  that  day. 
However,  as  in  all  programs,  this  apprehension  gradually  gave  way  to  the  work-a-day 
problems  associated  with  hardware  production.  Over  the  ensuing  years  the  program 
developed  and  matured  until  today  KSC  with  its  freeways  and  sight-seeing  buses  has 
become  an  adjunct  to  Disneyworld.  Likewise,  the  corrosion  incidents  that  occurred 
on  Apollo  were  similar  (with  a few  exceptions)  to  those  encountered  on  any  aerospace 
program.  Actually,  very  few  corrosion  problems  occurred  at  KSC  due  to  the  fact 
that  the  spacecraft  was  so  well  protected.  The  first  indications  of  corrosion  problems 
came  from  early  fluid  compatibility  tests;  later  there  were  in-process  and  in  checkout 
corrosion  incidents;  and  finally  post-flight  inspection  showed  some  corrosion.  Test 
failures  re-emphasized  the  importance  of  early  material/fluid  compatibility  evaluation 
and  the  need  for  special  tests  like  the  NASA  fracture  mechanics  test  developed  for 
evaluation  of  tank  materials.  The  need  for  good  "in  process  corrosion  control"  was 
illustrated  by  aluminum  corrosion  while  still  on  the  shelf  in  the  warehouse  or  using 
department. 


Problems  which  occurred  during  checkout  were  usually  traced  to  fabrication  process 
control  and  GSE/Facilities  equipment  which  interfaced  with  spacecraft  systems. 
Postflight  corrosion  was  particularly  bothersome  because  it  was  necessary  .to  demonstrate 
beyond  any  doubt  that  the  corrosion  was  due  to  salt  water  ingested  on  landing  and 
was  not  due  to  material  deficiency.  Actually  the  spacecraft  interior  was  showed  to 
be  extremely  resistant  to  various  (inadvertent)  fluid  spills  including  water  glycol, 
water,  various  food  stuffs  and  urine  - but  not  salt  water. 


Apollo  did  provide  one  new  lesson:  the  smallest  indication  ot  suspicion  of  corrosion 

had  major  program  impact  and  was  sufficient  to  stop  a launch.  In  the  space  effort 
there  is  no  such  thing  as  cleanup  and  repaint;  every  corrosion  incident  must  be 
totally  understood  and  corrected.  For  these  reasons,  often  as  much  time  was  spent 
in  understanding  a suspected  corrosion  problem  as  if  it  were  real. 
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The  corrosion  engineer,,  if  he  has  learned  anything,  has  learned  to  be  "light  on 
his  feet."  This  is  certainly  the  case  today  when  he  is  asked  to  apply  all  he 
has  learned  from  Apollo  in  the  reduction  of  corrosion  incidents  on  the  Shuttle 
with  associated  program  cost  savings.  However,  he  must  now  recognize  that 
Shuttle  is  a spacecraft  that  will  be  like  a commercial  aircraft;  it  will  be  reused; 
it  will  be  repeatedly  exposed  to  the  Cape  elements.  We  must  build  that 
corrosion  resistance  into  the  vehicle  - we  must  remember  that  corrosion  conference 
of  1963. 


SUMMARY 


The  attachments  summarize  some  of  the  incidents  and  suspected  incidents  of 
corrosion  which  occurred  on  the  Apollo  program. 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Failed  parachute  link 

2.  Vehicle:  Apollo  15 

3.  System:  Recovery 

4.  Part;  Parachute  riser  to  suspension  line  link 

5.  Date:  November  1971 

6.  When  (Operation):  Postflight 

7.  Material:  Link  - 4130  steel;  nut  - A286  CRES 

8.  Heat  Treat:  Link  - 200  ksi 

9.  Surface  Preparation:  Link  - electroless  nickel  and  tin  plated 

Nut  - silver  plated 

10.  Welding  or  Brazing  Involved  in  Corrosion;  No 

11.  Analysis:  Initially  chute  collapse  which  occurred  during  landing  was  thought 

to  be  related  to  link  failure.  Subsequent  investigation  showed 
chute  failure  due  to  ignition  of  fuel  dumped  during  descent.  Failed 
link  found  on  postflight  inspection  of  recovered  chutes.  Rust  on 
fracture  surface.  Tests  to  demonstrate  stress  corrosion  or  hydrogen 
embrittlement  from  plating  were  inconclusive. 

12.  Cause:  SCC  (most  probable)  resulting  from  salt  water  exposure  on  landing 

13.  Corrosion  Type:  SCC  aggravated  by  dissimilar  metal  contact  in  thread  area 

(silver  vs  4130  steel) 

14.  Fix:  Change  links  to  Inconel  718  with  no  plating 

15.  Finding:  Protective  plating  must  remain  intact 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Cracked  frangible  nut  and  washer  - 1/16-inch  gap  in  nut 

five  days  after  inspection  for  integrity 

2.  Vehicle:  AS/202  mission 

3.  System:  Launch  escape 

4.  Part:  Frangible  nut  attaching  launch  escape  tower  to  C/M 

5.  Date:  August  21,  1966 

6.  When  (Operation):  Prelaunch  checkout  at  John  F.  Kennedy  Space  Center 

7.  Material:  Nut  - 4340  steel,  electroless  nickel  and  tin  plated 

Washer  - 4130  steel,  electroless  nickel  and  tin  plated  with 
dry  film  lube 

8.  Heat  Treat:  Nut,  200-200  ksi  and  washer,  180-200  ksi 

9.  Surface  Preparation:  Plated 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

11.  Analysis:  Macro's,  fractographs.  Salts  (green)  identified  by  X-ray  diffraction 

and  emission  spectrograph  to  be  fluorides.  Electroless  Ni  cracked. 

12.  Cause:  Rain  dissolved  ammonium  fluoroborate  (NH4BF4)  ablator  material  on 

launch  escape  engine  skirt  which  ran  down  tower  leg  and  puddled 
in  leg  well.  Solution  stress  corroded  nut  and  washer  in  five  days. 
Plating  had  cracked  exposing  base  metal. 

13.  Corrosion  Type:  SCC 

14.  Fix:  Seal  ablator,  cover  and  seal  leg  well 

15.  Finding:  Components  must  be  protected  from  possible  fluids  running  down  stack. 

Integrity  of  protective  finish  on  SCC  susceptible  material  is  essential. 
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CORROSION  INCIDENT  SUMMARY 


1 . Incident:  Rust  in  CM  RCS 

2.  Vehicle:  Skylab  3 mission 

3.  System:  RCS 

4.  Part;  RCS  assembly 

5.  Date:  June  1970 

6.  When  (Operation):  Cleanliness  verification  (system  flushing) 

7.  Material:  Various  but  primarily  304L  CRES 

8.  Heat  Treat:  Condition  B 

9.  Surface  Preparation;  Passivated 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

11.  Analysis:  X-ray  diffraction  showed  iron -oxide  hydroxide  and  trace  of 

ferrous  chloride.  Particles  were  20-40  microns  in  size. 

12.  Cause:  The  Freon  MF  (fluorotrichloromethane)  previously  used  for  flushing 

had  backed  up  into  flushing  unit  gaseous  nitrogen  heater  which 
oxidized  and  continued  to  blow  particles  into  RCS  during  subsequent 
drying  operations. 

13.  Corrosion  Type:  Thermal  chemical 

14.  Fix:  Added  check  valve  upstream  and  depth  filter  at  system  interface 

15.  Finding:  GSE  and  facilities  corrosion  control  can  be  as  critical  as  flight 

hardware 


CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Failure  of  rotation  hand  controller  in  checkout 

2.  CSM:  None 

3.  System;  Guidance  and  navigation 

4.  Part;  Astronaut's  hand  controller 

5.  Date:  November  1972 

6.  When  (Operation):  Checkout  following  rework 

7.  Material:  7075 

8.  Heat  Treat:  -T6510 

9.  Surface  Preparation:  Chem  filmed 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 
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11.  Analysis:  Fractogruphy,  microprobe  showed  typical  stress  corrosion  cracking 

through  short  transverse  section  of  part 

12.  Cause:  Gear  pushed  onto  shaft  and  clamped  up  with  screw  putting 

section  under  sustained  load  (tensile  stress) 

13.  Corrosion  Type:  SCC 

14.  Fix:  Change  to  7075-T73;  selectively  machine  to  eliminate  short- 

transverse  loading 

15.  Finding:  Prohibit  use  of  7075-T6  in  rrrniature  electro-mechanical  unit 

where  slight  interference  on  shaft  or  small  differences  in  torque 
on  miniature  fasteners  can  significantly  increase  stress  levels 
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Ynw  Section  Gear  Crack 
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CORROSION  INCIDENT  SUMMARY 

1.  Incident;  Check  and  relief  valve  leakage  from  particulate  contamination 

2.  Vehicle:  Apollo  15  (check  valve);  Apollo  16  (relief  valve) 

3.  System:  Cryo  (fuel  cell) 

4.  Part;  Check  valve  and  relief  valve 

5.  Date:  10-5-70  (check  valve);  2-71  (relief  valve) 

6.  When  (Operation):  System  checkout  prior  to  delivery  to 

John  F.  Kennedy  Space  Center 

7.  Material:  304L  CRES  tubing 

8.  Heat  Treat:  Condition  B 

9.  Surface  Preparation:  Electropolish 

10.  Welding  or  Brazing  Involved  in  Corrosion:  Yes,  brazing  at  1875  F. 

11.  Analysis:  X-ray  diffraction  showed  particles  to  be  ferrous  chloride  (Fe  Cl2*2H20). 

12.  Cause:  Use  of  Freon  TF  (I,  l,2-trichloro-l,2,2-trifluoroethane)  to  clean 

parts  assembled  for  brazing  just  prior  to  brazing.  Particles  caused 
by  thermal  decomposition  of  Freon  and  high -temperature  reaction 
with  CRES.  Some  operators  were  found  to  use  Freon  TF  spray 
rinse  just  prior  to  installation  of  the  induction  brazing  tool.  Usually 
the  Freon  evaporated  and  was  carried  away  by  the  argon  purge. 

However,  where  adjacent  components  did  not  allow  the  internal  flow 
of  argon  (dead-end  purge),  the  Freon  could  not  complete  escape. 

13.  Corrosion  Type:  Thermal  chemical 

14.  Fix:  Eliminate  use  of  Freon  TF  just  prior  to  brazing 

15.  Finding:  Improper  use  of  cleaning  agent 
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CORROSION  INCIDENT  SUMMARY 


Incident:  Leakage  of  321  CRES  flex  hose 
Vehicle:  Skylab  3 and  Apollo  17 
System:  RCS 

Part:  Flex  hose  to  RCS  engine 

Date:  11-10-71  (Apollo  17);  1-10-73  (Skylab  3) 

When  (Operation):  Skylab  3 leaked  Freon  during  system  flushing  prior  to 

John  F.  Kennedy  Space  Center  delivery 

Apollo  17  leaked  helium  during  postflight  inspection 

Material:  321  CRES  convoluted  tubing  with  321  CRES  wire  overbraid 

Heat  Treat;  Condition  B 

Surface  Preparation:  Passivated 

Welding  or  Brazing  Involved  in  Corrosion;  No 

Analysis:  Through  corrosion  pit  from  outside.  Photomicrographs,  emission 

spectograph.  X-ray  diffraction  and  electron  microprobe  showed 
rust  and  trace  of  chlorides. 

Cause:  Crevice  corrosion  underneath  braid  from  salt  water  exposure  during 

landing.  Skylab  3 was  reuse  hose  which  had  been  cleaned  prior 
to  reuse  but  after  corrosion  had  occurred. 

Corrosion  Type:  Crevice 

Fix:  None 

Finding:  Rate  of  crevice  corrosion.  The  hose  experienced  0.010  penetration 

in  approximately  thirty  days. 
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Corrosion  PTJ-  on  Inside  Diameter  of  Tube 


CORROSION  INCIDENT  SUMMARY 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 


Incident:  Leaking  cryo  vent  disconnect 
Vehicle:  Skylab  4 

System:  Fuel  cell  cryo  storage  (oxygen) 

Part;  Vent  quick  disconnect 
Date:  April  1972 

When  (Operation):  System  leak  check  prior  to  delivery  to  John  F.  Kennedy 

Space  Center 

Material:  304L  CRES  tubing 

Heat  Treat:  Condition  B 

Surface  Preparation:  Passivated 

Welding  or  Brazing  Involved  in  Corrosion;  Brazing 

Analysis:  Nondispersive  X-ray  analysis  and  microprobe  showed  zinc 
on  fracture  surface 

Cause:  QD  returned  to  supplier  to  rework  valve  seat.  Supplier  hand 

brazed  temporary  extension  to  valve  for  leak  check  using  QQ-S-561 
(Ag-Cu-Zr)  alloy.  Residual  alloy  left  on  surface  cracked  tubing 
during  subsequent  system  braze  installation  (1875  F). 

Corrosion  Type:  Liquid  metal  embrittlement 

Fix:  Use  mechanical  fitting  for  leak  check 

Finding:  Zinc  bearing  bxize  alloys  must  be  used  with  caution 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident;  Corrosion  of  aluminum  during  machining 

2.  Vehicle;  Apollo/Soyuz  Test  Project  (ASTfy 

3.  System:  Docking 

4.  Part:  Docking  system  base 

5.  Date:  May  1973 

6.  When  (Operation):  Manufacturing 

7.  Material:  7075 

8.  Heat  Treat:  T73 

9.  Surface  Preparation;  Machined 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

11.  Analysis:  Pitting  on  certain  surfaces 

12.  Cause:  Machine  coolant  sitting  for  several  days  between 

part  and  steel  machine  base 

13.  Type  of  Corrosion:  Galvanic 

14.  Fix:  Change  machine  coolant 

15.  Finding:  Coolant  successfully  ned  previously  because  parts  were  small  and 

only  on  machine  short  time.  A more  severe  corrosion  condition 
may  exist  in  manufacturing  than  in  service. 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Suspected  hydrogen  embrittlement  of  titanium  cryogenic 

storage  tank  (investigation  initiated  as  the  result  of 
SIVB  tank  failure) 

2.  CSM:  None 

3.  System;  Cryo  storage 

4.  Rart:  Tank 

5.  Date:  March  1967 

6.  When  (Operation):  Scrap  tank  dissection 

7*  Material:  Titanium  5 AI-2.5  Sn  Eli 


8. 

9. 

10. 
11. 
12. 

13. 

14. 

15. 


Heat  Treat:  As  welded 

Surface  Prepaiation:  As  machined 

Welding  or  Brazing  Involved  in  Corrosion;  Yes,  welded  with  CP  titanium  wire 

Analysis:  Photomicro's  to  show  titanium  hydrides 

Cause:  Precipitation  of  hydrides  in  welds  caused  by  heating  and  slow  cooling 

from  adjacent  subsequent  weld  including  hydride  precipitation  caused 
by  use  of  CP  titanium  weld  wire  and  thickness  of  parent  material 
which  determine  degree  of  dilution  of  CP  material 

Corrosion  Type:  Hydrogen  embrittlement 

Fix:  None,  but  specification  changed  to  carry  precautionary  note,  "Do 

not  use  CP  weld  wire  on  joints  greater  than  0.150  thick." 

Finding:  Careful  (selected)  use  of  CP  titanium  for  welding  and  structural 

elements  required 
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Cracks  from  Titanium  Hydrides 


CORROSION  INCIDENT  SUMMARY 


1. 
2. 

3. 

4. 

5. 

6. 

7. 
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Incident:  Cracked  spring  in  rotation  controller 

Vehicle:  Skylab  3 

System:  Guidance  and  navigation 

Part:  Return  spring  in  rotation  hand  controller 

Date:  May  1973 

When  (Operation):  Unit  rework 

Material:  17-7  PH  CRES  wire 

Heat  Treat:  CH900 

Surface  Preparation:  Pickled  and  passivated 

Welding  or  Brazing  Involved  in  Corrosion:  No 

Analysis:  Cracks  were  parallel  to  the  axis  of  the  wire  in  the  spring. 

Contaminants  were  found  on  spring  surface  but  fracture  was  ductile. 

Cause:  Mechanical  overstress  during  manufacturing/assembly 

Type  of  Corrosion:  None  (suspected  only) 

Fix:  None 

Finding:  Mechanical  cracking  in  spring  difficult  to  interpret  since  cracking 

due  to  torsional  shear 


Photograph  of  Spring  After  Extension  to  Failure 
Arrow  Points  to  Crack 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident;  Broken  springs  on  electrical  connector  }. 

2.  Vehicle:  Apollo  16 

3.  System:  Optical  unit  assembly  - 

4.  Port;  Connector  r 

5.  Date;  August  10,  1972  \ 

6.  When  (Operation):  Postflight  inspection  (approximately  35  days  after  landing)  J 

7.  Material;  Beryllium  copper  ’ 

8.  Heat  Treat;  Unknown 

9.  Surface:  Gold  plating  (0.00015  inch) 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

1 ' "" 

11.  Analysis:  SEM  shows  intergranular  fracture 

12.  Cause:  Compression  of  spring  cracked  gold  plating  causing  exposure  of 

base  material  to  salt  water  on  landing 

13.  Type  of  Corrosion;  SCC 

14.  Fix:  None,  postflight  anomaly 

15.  Finding:  Protective  plating  must  be  carefully  engineered  to  make  sure  it 

does  not  crack  in  service 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident;  Leakage  of  CRES  tee  in  cryo  system  (hydrogen) 

2.  Vehicle;  Apollo  16 

3.  System;  Fuel  cell  gas  storage  system 

4.  Fart;  Machined  tee  (.020  wall) 

5.  Date;  October  7 , 1971 

6.  When  (Operation);  Prelaunch  checkout  at  John  F.  Kennedy  Space  Center 

7.  Material;  304L  CRES  bar 

8.  Heat  Treat;  Condition  B 

9.  Surface  Preparation;  Electropolish 

10.  Welding  or  Brazing  Involved  in  Corrosion;  No 

11.  Analysis;  Photomicrographs,  microprobe  showed  oxide  inclusion 

12.  Cause;  Nonmetallic  inclusion  in  air  melt  304L  CRES. 

Material  should  have  been  vacuum  melt. 

13.  Corrosion  Type:  None  (suspected  only) 

14.  Fix;  Reaffirm  use  of  vacuum  melt  material  and  helium  leak 

check  at  supplier 

15.  Finding;  As  much  effort  may  be  expended  in  proving  a leak  is  not  due 

to  corrosion  as  if  it  were. 
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CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Cracking  of  304L  CRES  tubing  during  brazing 

2.  Vehicle:  Apollo  15 

3.  System:  SPS  and  ECS 

4.  Part:  Helium  check  valve  (SPS);  O2  isolation  valve  (ECS) 

5.  Date:  July  1971 

6.  When  (Operation):  Preiaunch  checkout 

7.  Material:  304L  tubing 

8.  Heat  Treat:  Condition  B 

9.  Surface  Preparation:  Passivated 

10.  Welding  or  Brazing  Involved  in  Corrosion:  Yes.  Brazed  with  gold-copper-nickel 

alloy  at  1875  F. 

11.  Analysis:  Intergranular  cracking;  crack  filled  with  braze  alloy 

12.  Cause:  Liquid  metal  embrittlement  by  copper  in  braze  alloy  under  elevated 

temperature  and  thermal  stresses  of  brazing 

13.  Corrosion  Type:  Liquid  metal  embrittlement 

14.  Fix:  None.  Cracks  always  under  braze  sleeve.  Burst  tests  showed  all  failures 

to  occur  outside  sleeve  in  tubing.  Specimen  with  simulated  cracks  beyond 
sleeve  withstood  thermal  shock,  vibration  and  near  burst  pressure. 

15.  Finding;  Very  rare  occurrence.  Of  the  approximately  30  thousand  brazed 

joints  made  on  the  Apollo  program,  a total  of  36  were  found  to  be 
cracked. 


CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Suspected  SCC  of  Belleville  spring  in  oxygen  regulator.  Investigation 

initiated  by  failure  of  similar  regulator  spring  on  Skylab, 

2#  CSM:  None  (investigation  only) 


3.  System:  ECS 

4.  Part:  Oxygen  regulator 

5.  Date:  March  1971 


6.  When  (Operation):  Parts  on  shelf 

7.  Material:  Vascomax  300  maraging  steel 

8.  Heat  Treat:  280  ksi 

9.  Surface  Preparation:  Electroless  nickel  plated 

10.  Welding  or  Brazing  Involved  in  Corrosion;  No 

11.  Analysis:  Lab  tests  showed  failure  of  spring  under  stress  after  one  day 

alternate  water  immersion  and  salt  spray  exposure  and  after 
twenty  days  humidity  without  electroless  nickel  plating. 

12.  Cause:  Skylab  springs  baked  four  hours  at  375  F following  plating.  Space 

Division  springs  received  no  bake.  Baking  embrittled  nickel  which 
cracked  on  spring  flexing,  allowing  exposure  of  Vascomax  300. 

13.  Corrosion  Type:  None  found  on  Apollo  parts 

14.  Fix:  No  change.  Parts  inspected  and  additional  failure  mode  effects 

analysis  performed. 

15.  Finding:  Subtle  differences  in  processing  can  produce  significantly  different 

environmental  resistance.  When  base  metal  has  known  SCC 
susceptibility,  protective  coating  becomes  very  critical. 
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Meat  treatment  curve  of  Kanigcn  chemical  niche/  a/ioy  coating 


|rt.|„.Jt,,„  ^ _ _ | -‘VW? 

CORROSION  INCIDENT  SUMMARY 

1.  Incident:  Corroded  aluminum  tubing 

2.  CSM:  None  (in  process) 

3.  System:  ECS 

4.  Part;  Tube  details 

5.  Date:  April  1971 

6.  When  (Operation):  Tube  bending  and  storage 

7.  Material:  6061  tubing 

8.  Heat  Treat;  T6 

9.  Surface  Preparation;  As  received 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

11.  Analysis:  No  corrosion  on  inside  of  tubes.  Corrosion  on  outside  of  tubes 

consisted  of  pitting  which  opened  and  became  pronounced  on 
bending.  Subsequent  investigation  showed  other  corroded  tubing 
in  department  stowage  area. 

12.  Cause:  Atmospheric  corrosion  in  plant  handling 

13.  Corrosion  Type:  Atmospheric 

14.  Fix:  Chem  film  or  oil  and  cover  aluminum  in  process 

15.  Finding:  Reemphasized  need  for  "In-Process"  corrosion  control 
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crographs  of  Inactive  Corrosion  Pits  from  Detail  Tube  Assembly 


CORROSION  INCIDENT  SUMMARY 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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Incident:  Titanium  tank  failure  (methanol) 

Vehicle:  Apollo  4 

System:  Service  Propulsion  System  (SPS) 

Part:  Titanium  fuel  tank 
Date:  October  25,  1966 
When  (Operation)-  Proof  test 
Material;  Ti-6AI-4V 
Heat  Treat:  160  ksi 

Surface  Preparation:  As  heat  treated  (blue  oxide) 

Welding  or  Brazing  Involved  in  Corrosion;  No 

Observations  and  Analyses:  Tank  ruptured  two  hours  after  being  pressurized 

with  methanol.  Fractography  showed  brittle  fracture.  SCC  test 
showed  reagent  grade  methanol  to  crack  Ti-6AI-4V  in  time 
inversely  proportional  to  stress.  Methanol  with  more  than  one 
percent  H2O  inhibits  SCC. 

Cause:  SCC  in  dry  methanol 

Corrosion  Type:  SCC 

Fix:  Discontinue  use  of  methanol 

Finding:  ftrrer  fluids  are  not  necessarily  better.  All  fluids  coming  in 

contact  with  titanium  under  stress  must  be  evaluated  prior  to 
use. 
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SPS  TANK  FAILURE 


CORROSION  INCIDENT  SUMMARY 


1.  Incident;  Titanium  tank  failure  (NTO) 

2.  Vehicle:  None 

3.  System:  RCS 

4.  Part:  Oxidizer  stowage  tank 

5.  Date:  July  12,  1965 

6.  When  (Operation):  30 -day  NTO  exposure  test,  160  F,  250  psig 

7.  Material:  TI-6AMV 

8.  Heat  Treat:  160  ksi 

9.  Surface  Preparation:  Ti-Brite  cleaned 

10.  Welding  or  Brazing  Involved  in  Corrosion;  No 


11.  Observations  and  Analyses:  Tank  ruptured  seven  hours  after  pressurization 

fractography  showed  brittle  fracture  and  stress 
corrosion  cracks 

12.  Cause:  Reduced  nitrous  oxide  (white  NTO)  stress  corrodes  titanium 

13.  Corrosion  Type:  SCC 

14.  Fix:  Increase  and  control  nitrous  oxide  in  NTO 


15.  Finding:  F\jrer  fluids  are  not  necessarily  better.  All  fluids  must  be 

evaluated  for  compatibility  with  titanium. 


CORROSION  INCIDENT  SUMMARY 


1.  Incident:  Freon  MF-titanium  tank  incompatibility 

2.  Vehicle:  None  (laboratory  test  only) 

3.  System:  RCS,  SPS 

4.  Pert;  All  titanium  tanks 

5.  Date:  January  12,  1967 

6.  When  (Operation):  Laboratory  compatibility  tests  at  Lyndon  B.  Johnson 

Space  Center 

7.  Material;  Ti  -6AI -4V 

8.  Heat  Treat:  160  ksi 

9.  Surface  Preparation:  As  heat  treated  (blue  oxide) 

10.  Welding  or  Brazing  Involved  in  Corrosion:  No 

11.  Analysis:  Laboratory  tests  showed  SCC  of  titanium  6AI-4V  in  Freon  MF. 

Tests  eventually  allowed  plotting  toughness  in  any  given 
fluid  vs  time. 

12.  Cause:  Freon  MF  used  for  cold  flow  checkout  of  propellant  tanks.  Although 

no  tank  failure  occurred,  use  of  Freon  MF  discontinued  based  on 
laboratory  tests. 

13.  Corrosion  Type:  SCC 

14.  Fix:  Use  Freon  TF  in  place  of  Freon  MF  and  conduct  compatibility  (fracture 

mechanics)  tests  on  each  lot  of  Freon  TF  prior  to  test. 

15.  Finding:  Laboratory  tests  can  accurately  predict  tank/fluid  compatibility 

problem. 
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AL  CRACK 


RELATIONSHIP  OF  "TOUGHNESS"  OF  T1-6A1-4V  MATE 
IN  VARIOUB  FLUIDS  AS  A FUNCTION  OF  TIME  TO  FA 
WITH  CRITICAL  CRACK  1ZNGTR5 


INTEGRATING  THE  AIR  FORCE  CORROSION  CONTROL  PLAN 


AND  ITS  EFFECT  ON  THE  F-15  EAGLE 


by 

A.  W.  Morris 

McDonnell  Aircraft  Company 
St.  Louis,  Miaaouri 


ABSTRACT 


This  report  discusses  the  Air  Force  Corrosion  Plan  and  the  McDonnell  Aircraft 
Company's  Corrosion  Control  Program  for  the  Eagle  Air  Superiority  Fighter.  The 
key  Program  activities  necessary  for  providing  the  Eagle  with  the  capability  of 
operating  for  a 10  year  period  without  serious  corrosion  problems  are  identified. 
These  include  the  selection  of  structural  materials,  protective  finishes  and  the 
methods  used  to  disseminate  these  requirements  through  the  Project  related  entities 
including  the  Customer,  Prime  Contractor,  Subcontractor,  Supplier  System. 
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1.0  INTRODUCTION 


The  Air  Force  Eagle  designed  and  manufactured  at  the  McDonnell  Douglas  Corp. 

St.  Louis  facility  is  the  first  conventionally  fueled  aircraft  to  have  a thrust- 
to-weight  ratio  greater  than  one.  This  characteristic  gives  the  Eagle  an  exceed- 
ingly high  rate  of  acceleration  and  rate  of  clijsb  capability.  When  these  features 
are  combined  with  light  wing  loading  and  large  control  surfaces,  the  end  result  is 
an  aircraft  with  the  superior  maneuvering  capability  necessary  for  a state-of-the- 
art  air  superiority  fighter.  The  10  ft.  canopy  and  the  low  wing  design  gives  the 
pilot  a 360*  viewing  angle  above  the  aircraft  fore  and  aft  axis.  An  unusual  fea- 
ture of  the  McDonnell  Aircraft  Company's  (MCAIR)  design  is  the  fact  that  the  front 
of  the  engine  air  inlet  ducts  are  pivoted  at  the  bottom  so  that  they  rotate  in  the 
vertical  plane.  This  provides  the  necessary  control  over  inlet  air  to  enable  the 
engines  to  maintain  full  power  throughout  the  F-15's  wide  ranging  speed/altitude 
flight  envelope  and  during  violent  air  cxnbat  maneuvers.  See  Figure  1. 

However,  it  is  not  the  purpose  of  this  paper  to  dwell  on  the  Eagle's  flight 
characteristics  but  to  discuss  a far  more  interesting  subject  to  a corrosion 
engineer  - the  corrosion  control  features  used  in  its  design  and  the  corrosion 
control  program  used  to  implement  these  design  features. 

In  order  to  put  the  F-15's  corrosion  control  technology  in  perspective  it  is 
necessary  to  look  back  and  see  what  we  had  in  the  way  of  technology  a few  years 
ago.  Until  the  i960  's,  military  aircraft  were  selected  on  the  basis  of  "fly-away" 
cost  and  flight  performance.  In  the  inmediate  post-World  War  II  era  this  was  a 
successful  policy  from  a corrosion  control  standard  because  the  materials  used 
were  relatively  corrosion  resistant.  The  structure  was  made  out  of  light  gauge 
material  and  the  skins  were  generally  ale  lad  light  gauge  aluminun  sheet.  Because 
only  a minimum  of  protection  from  corrosion  was  required,  protective  methods  were 
held  to  a low  key  effort  both  in  the  research  and  development  field  and  in  the 
application  area.  In  contrast  to  the  stagnation  which  existed  in  corrosion  con- 
trol methods,  rapid  advances  were  made  in  the  development  of  higher  strength 
structural  materials.  Fbr  example,  the  use  of  7075-T6,  7178-T6  and  7079-T6 
aluminum  alloys  as  well  as  the  use  of  higher  strength  steels  and  magnoaiixn  alloys 
became  increasing  popular.  As  a result,  airframe  structures  became  more  efficient 
but  the  impact  of  using  these  corrosion  susceptible  materials  was  not  seriously 
assessed  because  of  the  fragaented  responsibility  for  corrosion  control  in  both 
the  corporate  and  military  organisational  structure. 

When  aircraft  representing  the  ultimate  in  structural  efficiency  were  exposed 
to  corrosive  operating  conditions,  such  as  aircraft  carrier  deployment,  whole  aircraft 
models  were  scrapped  because  the  cost  of  repairing  corrosion  damage  would  have  exceeded 
the  value  of  the  aircraft'1'.  We  now  realise  that  the  combined  effect  of  using  bare 
aluminum  skins  instead  of  alclad  skins,  the  use  of  materials  at  their  highest  strength 
level  and  the  use  of  heavy  gauge  aluminum  was  such  that  conventional  protective  systems 
were  no  longer  capable  of  protecting  these  ultra  efficient  structural  materials. 
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The  need  for  corrective  action  accelerated  corrosion  research  and  develop- 
ment to  an  unprecedented  level.  Che  of  the  moat  significant  advances  was  made 
by  aluminum  suppliers  in  the  development  of  the  intergranular  corrosion  resis- 
tant overaged  tempers.  The  use  of  magnesium  alloys  was  restricted.  The  shot 
peening  of  high  strength  steels  became  a mandatory  operation  for  stress  corro- 
sion prevention.  MCA1R  funded  a 5 year  in-house  corrosion  control  research  and 
development  program.  This  program  made  it  possible  to  evaluate  the  corrosion 
resistance  of  newly  developed  materials  and  the  protection  provided  by  the  use 
of  fastener  and  joint  sealing  techniques.  Through  the  Navy's  encouragement  in 
the  use  of  this  technology,  the  F-4  became  one  of  the  first  aircraft  to 
use  of  the  overaged  alininua  alloy  tempera  to  prevent  stress  corrosion  and 
exfoliation  problems  and  to  use  sealants  to  control  corrosion  at  fastener 
locations  and  Joint  interfaces.  As  a result,  when  the  Air  Force  F-15  contract 
was  awarded,  MCAIR  was  in  a position  to  appreciate  the  need  for  application 
of  the  state-of-the-art  corrosion  control  methods  and  was  experienced  in  deal- 
ing with  the  problems  associated  with  their  iigileaentation. 


Because  protective  finishes  are  no  longer  regarded  as  the  only  corrosion 
control  method,  the  finish  specification  by  itself  is  no  longer  an  adequate 
method  of  specifying  and  controlling  corrosion  control  technology  useage. 
Utilisation  of  the  state  of  the  art  technology  required  a new  approach  to  aircraft 
design.  The  Air  Force  had  the  foresight  to  introduce  their  corrosion  control  plan 
as  a contractual  requirement  at  a time  when  corrosion  specialists  were  needed  as 
part  of  the  design  team  to  promote  full  utilisation  of  the  advances  in  corrosion 
resistant  materials.  Also,  the  scope  of  corrosion  control  technology  has  increased 
to  a point  where  a program  which  is  an  integral  part  of  the  design,  manufacturing, 
and  deployment  activities  is  required  to  coordinate  corrosion  control  related  acti- 
vities. The  Air  Force  corrosion  control  plan  meets  this  requirement  by  providing 
a framework  of  program  activities  and  controls  upon  which  a successful  corrosion 
control  program  can  be  built. 

2.0  SUWART  OF  THE  AIR  FORCE  CORROSION  CONTROL  PLAN  REQUIREMENTS 

The  stated  objective  of  the  plan  is  to  "provide  an  effective  corrosion  pre- 
ventive and  control  plan  on  a total  system  basis.  To  assure  that  corrosion 
t1  considerations  and  control  measures  are  properly  integrated  during  contract  defi- 

nition, engineering  development,  and  operational  phases  in  consonance  with  the 
j designated  life  cycle  of  the  system  and  mission  objectives."  In  order  to  meet 

[this  objective,  the  plan  requires  the  contractor  to  design,  implement  and  main- 
tain a corrosion  control  program  and  to  identify  the  office  or  individual  respons- 
ible for  administering  the  program.  (2)  The  plan  goes  on  to  detail  the  scope  and 
structure  the  program  must  have  to  receive  Air  Force  approval.  The  principal 
requirements  for  the  program  are  summarised  below: 

o Selection  of  corrosion  control  design  features  such  as  materials, 
protective  coatings,  drainage  and  sealing  requirements  on  the  basis 
of  an  envirorsnental  analysis. 

o Review  of  Engineering  drawings  by  corrosion  control  specialists, 
o Development  and  maintenance  of  a corrosion  control  training  program, 
o Submittal  of  a finish  specification  for  Air  Force  Approval. 
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o Control  of  manufacturing  processes  and  methods  to  ensure  the  Intrinsic 
corrosion  resistance  of  structural  materials  will  not  be  jeopardised. 


o Control  of  subcontractors  and  suppliers  to  ensure  compliance  with  program 
structural  material,  finish,  sealing,  processing  and  drainage  requirements. 

o Customer  and  contractor  reviews  during  design,  manufacturing  and  deploy- 
ment until  system  obsolescence. 

o Specification  of  Quality  Assurance's  corrosion  control  functions. 

Although  the  above  summary  is  not  complete,  it  outlines  the  scope  of  the  pro- 
gram the  contractor  must  maintain  from  design  concept  to  obsolescence.  All  con- 
tractor supplied  equipment  including  grc  -nd  support  equipment  must  be  covered  by 
the  contractor's  corrosion  control  program.  The  only  hardware  not  under  full  con- 
trol of  the  plan  is  government  furnished  equipment  and  standard  part*.  Technically 
standard  parts  fall  under  the  plan's  provisions,  but  the  fact  is,  government  and 
industry  specifications  to  which  standard  parts  are  fabricated  have  not  been 
reoriented  to  meet  the  more  stringent  plan  requirements. 

The  plan  revolutionizes  the  concept  of  aircraft  corrosion  control  in  these 
respects: 

o It  provides  a balanced  system  of  activities  and  controls  as  a framework 
for  a contractual  corrosion  control  program  to  be  maintained  from  design 
to  obsolescence. 

o It  requires  that  the  acfadnietrator  of  the  program  be  identified. 

o It  requires  that  the  cue  tome  r and  the  contractor  cooperate  in  regular 
program  reviews. 

o It  requires  a training  program  be  set  up  so  that  Engineering,  Quality 
Assurance  and  Production  are  familiar  with  corrosion  control  methods  and 
technology. 

In  other  words,  the  plan  is  baaed  on  a systems  engineering  concept  in  which 
the  network  of  corrosion  control  related  activities  which  are  diffused  through 
company  divisions,  and  which  interlock  with  another  network  in  the  Air  Force  are 
defined  in  such  a way  that  they  can  be  monitored  and  correlated  as  required. 

3.0  THE  MCAIR  CORROSION  COWIROL  PROffiAM^) 


The  prime  objective  of  the  MCAIR  program  is  to  build  a weapon  system  which 
can  operate  for  a 10  year  **viod  without  the  need  for  scheduled  depot  maintenance 
to  repair  corrosion  damage . »>e  experience  indie  ate  j that  by  maximizing  the  use 

of  ale  lad  alimimm  and  the  overaged  aluninian  alloy  temper  conditions  and  by  using 
state-of-the-art  protective  systems,  this  goal  nan  be  achieved.  To  realise  this 
difficult  objective  it  would  be  necessary  to  make  effective  use  of  the  Air  Force 
Corrosion  Control  Plan  in  designing  a program  which  would  effectively  implement 
the  required  technology.  Selecting  technology  which  would  meet  our  10  year  objective 
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is  a relatively  simple  task  compared  to  the  task  of  ccaunication.  Any  weak 
spots  in  coBBunicating  the  plan  requirements  to  Engineering,  Quality  Assurance 
and  Manufacturing  personnel  assigned  to  the  project  by  MCAIR  or  contractors  would 
result  in  nonuniiomity  in  corrosion  control  design  features.  Ccsmunicating 
these  more  stringent  requirements  to  specialised  equipment  suppliers  was  also  a 
challenging  problem. 

The  principal  features  of  the  program  used  to  select  the  F-15  corrosion  con- 
trol design  features  and  to  communicate  these  requirements  to  outside  and  in-house 
personnel  is  summarised  in  Table  1. 


TABLE  1 MCAIR  CORROSION  CONTROL  PROGRAM  SUMMARY 


Program  Biase 


Activities  & Controls 


Design 


Manufacturing 


Deployment 


0 Select  corrosion  control  design  features  based  an 
a ID  year  operational  life  criteria 
0 Document  selected  design  features  in:  "Corrosion 

Control  Plan",  "Air  Vehicle  Specification",  "Finish 
Specification"  and  "Corrosion  Control  Guidelines" 
o Corrosion  specialist  review  of  Engineering  drawings, 
process  specifications,  procurement  specifications, 
proposals  and  equipment  supplier's  proposed  usage  of 
materials,  finishes  and  processes 
° Participate  in  Custcmer^tCAIR  corrosion  control 
design  reviews 

° Utilise  a corrosion  control  training  program  to 
acquaint  Engineering  - in-house  and  contractor 
personnel  - with  the  program  requirements  and  their 
individual  responsibilities 

° Utilise  a corrosion  control  training  program  to 
acquaint  Production  and  Quality  Assurance  - in-house 
and  contractor  personnel  - with  the  progrma  require- 
ments and  their  individual  responsibilities 
° Monitor  process  controls,  assembly  operations,  and 
supplier  environmental  Qualification  test  results. 
Participate  in  Customs  r/fcAIR  reviews  on  in-house  and 
major  subcontractor  manufacturing  facilities  and  oper- 
ations 

° Participate  in  Custcmer/MCAIR  inspection*  of  aircraft 
after  environmental  hangar  test,  after  1 year  squad- 
ron deployment  and  at  Customer  scheduled  intervals 
thereafter 

0 Recommend  appropriate  design  changes  or  maintenance 
corrective  action  as  required 

° Provide  technical  support  at  the  request  of  the  Customer 


Now  that  the  progra  has  reached  the  point  where  production  aircraft  are  on 
the  assembly  line  with  the  first  delivery  to  Tactical  Air  Coaund  scheduled  for 
November  of  this  year,  it  is  possible  to  look  back  on  the  deal (7.  and  manufactur- 
ing elements  of  the  progra  and  identify  some  activities  which  had  a major  impact 
in  helping  MCAIR  aet  the  progra  objectives. 
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3.1  Corrosion  Control  Design  Feature  Selection  - The  initial  and  one  of  the  key 
program  activities  was  the  selection  of  the  corrosion  control  design  features 
such  ao  structural  materials,  protective  finishes  and  water  trap  drainage  provi- 
sions. The  approach  taken  was  to  avoid  design  features  which  caused,  or  contri- 
buted to,  corrosion  problems  in  older  designs  and  to  substitute  materials  and 
preventive  methods  which  had  proved  themselves  over  the  years  such  as  alclad 
coatings  on  aluminum  or  which,  although  recently  developed,  had  sufficient  service 
history  behind  them  to  prove  their  superiority  over  less  successful  design  fea- 
tures. The  following  discussion  illustrates  how  these  concepts  were  implemented 
first  in  selecting  and  then  in  documenting  F-15  design  features. 

Finish  Deficiencies  - In  older  designs,  corrosion  problems  were  related 
to  the  following  protective  finish  inadequacies: 

o There  was  no  established  criteria  for  protecting  surfaces  which  because 
of  functional  or  fabrication  method  reasons  could  not  be  painted. 

o Exterior  paint  systems  such  as  lacquers,  acrylics  and  epoxies  were  subject 
to  cracking  with  resultant  exposure  of  the  substrate  in  locations  where  it 
was  most  vulnerable  to  attack  - moldline  fastener  locations. 

o The  less  protective  interior  finish  systems  were  often  used  instead  of  the 
exterior  system  in  areas  which  are  interior  located  but  are  in  fact  ex- 
posed to  the  exterior  environment. 

o Dissimilar  metal  joints  were  not  identified  and  given  adequate  protection. 

o Cadmium  plating  on  standard  parts  such  as  fasteners  was  too  thin  to  pro- 
vide adequate  protection  (.0002  in  min). 

3.2  F-15  Finish  Specification  Requirements  - For  the  purpose  of  protective  finish 

application  the  aircraft  was  divided  into  three  environmental  areas:  exterior, 

interior  and  jet  fuel.  When  the  paint  finish  system  applicable  to  an  environmental 
area  could  not  be  applied  for  functional  reasons,  emphasis  was  placed  on  the  con- 
cept that  the  alternate  protective  system  must  be  at  least  as  protective  as  the 
paint  finish  or  the  component  material  must  be  a corrosion  resistant  type  that  does 
not  require  a protective  finish.  For  example,  if  paint  were  removed  from  an  area  to 
provide  electrical  grounding  and  an  environmental  sealing  technique  could  not  be  .used, 
the  area  is  electroplated  or  the  material  is  required  to  be  corrosion  resistant  ^4', 
Low  alloy  steel  parts  with  a functional  wear  surface  received  as  a minimum,  a .002 
in.  thick  electroplate  of  nickel  or  chromium.  A large  number  of  functional  surfaces 
do  not  require  protection  because  of  the  extensive  use  of  stainless  steel  and  tita- 
nium fittings  in  the  F-15  design. 

The  following  excerpt  from  the  F-15  Finish  Specification  shows  that  all  areas 
exposed  to  the  exterior  environment  are  clearly  identified(5  ) , In  so  doing,  we 
are  meeting  the  corrosion  control  plan  requirements  that  protective  methods  be 
related  to  environmental  conditions. 
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KICffiPT  FRCH  F-15  FINISH  SPECIFICATKll 


"3.0  REQUIREMENTS 

Exterior  Surfaces  - Component  pert  surfaces  which  comprise  or  lie  in  the 
following  areas  shall  be  considered  exterior  surfaces j 

o Airframe  moldline 

o Landing  gear  and  arresting  gear  exterior,  cutouts,  fold  areas,  doors, 
and  wells 

o Speedbrake  moldline  and  edges,  cutouts,  and  compartment 
o Missile  wells 
o Refueling  well 
o Gun  compartment 
o Chaff  dispensing  wells 
o Air  inlet  and  exit  ducts 
o Cockpit  floor 

o Pylons  and  external  stores  mold  line  (except  external  fuel  tanks)." 

End  of  excerpt. 

Exterior  Finish  Requirements  - Exterior  surfaces  receive  the  following  finish 
system  on  nonfunctional  surfaces: 

o All  skins  and  attachments  are  coated  with  sealant  on  faying  surfaces  to 
preclude  moisture  entrapment 

o All  permanent  fasteners  in  aluainim  and  .low  alloy  steel  cdtaponents  are 
installed  with  sealant.  - Removable  fasteners  are  installed  after  the 
access  door  countersinks  have  been  painted 

o Surfaces  receive  an  opoxy  primer  coat  and  a two-coat  linear  polyurethane 
enamel  paint  systems  except  for  some  titanium  and  stainless  steel  compon- 
ents in  "hot"  areas.  The  polyurethane  enamel  topcoat  used  on  the  F-15 
had  shown  its  superior  anti-cracking  and  weather  resistant  characteristics 
over  a two  year  test  period  on  operational  Air  Force  and  Navy  Phantom 
aircraft 

The  F-15  landing  gear  finish  requirements  are  an  example  of  using  field  exper- 
ience to  correct  problem  areas.  During  a tour  of  the  Warner  Robins  AFB  overhaul 
facilities  it  was  noted  that  most  landing  gear  corrosion  damage  occurred  in  the 
I.D.  of  bushed  holes  and  in  the  I.D.  of  tubular  struts  containing  air  spaces.  These 
problems  result  from  the  policy  of  inserting  bushings  into  unprotected  holes  and 
from  applying  only  one  coat  of  primer  to  the  landing  gear  I.D.  surfaces  in  spite  of 
the  fact  that  exterior  air  has  free  access  to  areas  ~"ot  submerged  in  hydraulic  oil. 
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To  overcoats  these  deficiencies,  the  bushed  holes  in  the  7-15  300M  alloy  gear  com- 
ponents are  cacfadun  plated  as  are  the  0.0.  of  the  bushings.  The  I.D.  of  the  F-15 
tubular  gear  components  which  enclose  air  spaces  have  the  sane  protective  finish 
as  the  0.0.  - a .005  in.  minima  coating  of  low  embrittlement  cadmium  which  is 
first  chromate d and  then  painted  with  the  exterior  paint  finish. 

Fasteners  - Each  aircraft  Is  assembled  using  thousands  of  fasteners  and  the 
installed  cost  runs  into  thousands  of  dollars.  Tet  fasteners  tended  to  be  ignored 
in  industry  and  military  finish  specifications.  The  question  of  whether  a tita- 
niua  or  stainless  steel  fastener  in  altadnm  structure  should  be  treated  as  a 
dissimilar  metal  interface  or  not,  is  not  directly  addressed.  In  addition,  there 
seemed  to  be  an  assumption  that  all  fasteners  are  a monolithic  item  like  a rivet. 
In  fact,  structural  engineers  tend  to  use  the  moat  weight  effective  fastener  types. 
Therefore  it  is  ccsmon  practice  to  use  an  aluminum  collar  an  a titanium  or  stain- 
less steel  pin  when  using  a pin  and  collar  type  fastener  instead  of  a stainless 
collar.  Alumlnua  nut  plates  may  contain  stainless  steel  nut  elements  with  cachoium 
plated  screws  and  stainless  steel  retainers. 

As  a result  of  the  large  number  of  possible  fastener  element  material  com- 
binations, there  was  a lot  of  confusion  on  the  assembly  floor  about  when  to  seal 
a fastener  and  when  not  to  seal  it,  or  whether  to  paint  it  for  corrosion  protec- 
tion or  to  leave  it  bare.  Corrective  action  Included  emphasising  rules  govern- 
ing fastener/structural  interface  protection  during  the  Corrosion  Control  Training 
sessions.  This  training  course  is  discussed  in  a subsequent  chapter. 

All  project  personnel  who  complete  the  training  program  are  issued  a pocket 
sised  "Corrosion  Prevention  Procedures"  manual  This  manual  contains  the 
following  sealing  instructions: 

"Sealing  Requirements  for  Permanent  Fasteners:  There  are  approximately 
442,000  fasteners  used  in  the  F-15  airframe  assembly.  Therefore,  the 
most  common  functional  surface  sealing  operation  involves  the  sealing  of 
fastener  holes.  Fasteners  are  sealed  for  two  general  reasons  - to  prevent 
corrosion  and  to  prevent  leakage  from  wet  fuel  cells  or  pressurised  compart- 
ments. The  following  general  rules  apply  to  permanent  fastener  Installa- 
tions. 


General  Rule  #1  - Coat  all  fasteners  with  sealant  before  insertion  in  aluminum, 
composite,  or  cadoius  plated  components  which  are  on  the  moldline  or  in 
exterior  locations  as  defined  by  the  Finish  specification. 

General  Rule  #2  - Seal  all  fasteners  located  in  holes  which  penetrate  into  a 
pressurized  compartment  or  wet  fuel  area. 

Ths  following  requirements  apply  to  all  fasteners  which  are  not  covered  by 
the  two  general  rules  specified  above.  The  following  applications  may  be 
sealed  either  with  sealant  or  with  wet  paint  primer. 

Seal  all  stainless  steel  fasteners  or  aluainun  fasteners  elements  such  as 
rivets,  collars,  or  washers  which  contact  titanitm,  stainless  steel  or 
Inconel  type  alloys. 
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Seal  all  c admins  plated  fasteners  or  fastener  elements  which  contact  stain- 
less steel,  brass,  copper,  or  Inconel. 

NOTE: 

1)  C admins  plated  fasteners  are  prohibited  in  applications  which  would 
bring  them  into  contact  with  titaniun,  and  titanium  fasteners  are 
prohibited  in  applications  which  would  bring  them  into  contact  with 
c admins  plated  components. 

2)  Monel  fasteners  or  copper  plated  fasteners  should  net  be  used  in 
contact  with  aluminum  components. 

3)  Violations  of  1)  or  2)  above  should  be  brought  to  the  attention  of  the 
supervision  for  corrective  action." 

The  above  instructions  permit  the  use  of  sealant  or  paint  primer  to  protect 
fastener  interfaces  or  Interior  components  but  require  the  use  of  sealant  on  ex- 
terior located  fasteners.  The  reasoning  behind  these  requirements  stems  from  the 
fact  that  exterior  skins  and  doors  are  subject  to  a greater  degree  of  flexure  under 
cyclic  loads  than  interior  structure.  Therefore,  sealant  is  required  or.  exterior 
located  fasteners  because  its  superior  flexibility  allows  it  to  accommodate  to  the 
flexing  and  relative  movement  between  fastener  and  component  without  rupturing. 

Paint  is  permitted  in  lieu  of  sealant  on  interior  located  fasteners  because  in- 
house  corrosion  exposure  tests  indicate  it  provides  corrosion  protection  equal, 
or  superior  to  sealant. 

Cadmiua  plated  fastener  corrosion  problems  are  avoided  through  the  use  of 
stainless  steel,  titanium  and  aluninum  fasteners  for  95/f  of  the  moldline  applica- 
tions. The  cadniua  plated  fasteners  that  are  used  are  MCAIR  specials  because 
they  have  a thicker  cadmium  plating  requirement  than  standard  fasteners  - Class  2 
instead  of  Class  3. 

Magnesias  Axloys  - There  are  only  three  airfraas  components  fabricated  from 
a magnesian  alloy.  These  are  A 29 1C  magnesium  castings.  Their  configuration  was 
carefully  studied  to  ensure  freedom  from  water  traps  before  permission  was  re- 
quested from  the  Air  Force  for  magnesium  utilisation.  They  are  required  by  the 
Finish  Specification  to  have  all  assembly  line  fitting  and  hole  drilling  accom- 
plished before  the  finish  system  is  applied.  The  parts  are  brought  to  the  assem- 
bly line  match  drilled  and  fitted;  then  they  are  given  a heavy  (Type  I)  Dow  17 
coating  as  well  as  an  extra  coat  of  primer  and  an  extra  topcoat.  Therefore,  all 
surfaces  including  fastener  holes  are  completely  incap sula ted  by  the  anodic  coat- 
ing and  paint  system.  In  addition,  all  faying  surfaces  and  fasteners  are  coated 
with  a polysulfide  sealant  immediately  before  assembly. 

Composite  Structures  - All  alusdnun  honeycomb  core  used  on  the  F-15  is  the  non- 
perforated  type  and  has  a proprietary  conoaion  resistant  coating  on  tho  surface. 

Both  aluolnum  and  titanium  skins  are  coated  with  a corrosion  inhibiting  adhesive  primer 
for  corrosion  protection  before  the  structural  adhesive  is  applied  for  bonding 
purposes.  In  addition,  all  honeycomb  assemblies  including  those  with  composite 
skins  are  leak  tested  after  the  exposed  bondlines  are  sealed  by  application  of  a 
polysulfide  sealant.  This  is  accomplished  by  submerging  the  assembly  in  hot 
water  and  looking  for  air  bubbles  produced  whan  the  positive  pressure  generated 
as  the  air  in  the  honeycomb  is  heated  forces  its  way  through  any  voids  which  miy 
be  present  in  the  sealant  coated  bondline.  Aqy  "leakers"  are  resealed  and  retested. 
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3.3  F-15  Material  Selection  - The  most  damaging  types  of  corrosion  experienced 
by  aircraft  using  the  7XXX  and  2XXX  series  alloys  in  a T6  temper  condition  are 
stress  corrosion  cracking  and  exfoliation.  Stress  corrosion  caused  more  compo- 
nent failures  but  exfoliation  is  more  expensive  to  repair  because  it  normally 
affects  a large  number  of  parts  instead  of  a few.  In-house  experience  backed 
up  with  data  from  aluminum  suppliers  indicated  that  thin  gauge  sheet  less  than 
.080  in.  was  generally  resistant  to  this  type  of  attack  if  good  quenching  practices 
after  solution  treatment  were  applied.  Our  selection  criteria  required  that  the 
more  susceptible  products  be  used  in  temper  conditions  formulated  to  resist  stress 
corrosion  and  exfoliation  attack  as  shown  in  Table  2. 

TABLE  2 - ALUMINUM  ALLOT  SELECTION  CRITERIA 
FCR  THSlREVENTICTJ  OF  CORROSION  THAT  TYPIFIES**f5~ USAGE 


Product 

Type  of  Attack 
Typieal  of  T6  Temper 
(7XXX  and  2XXX  Series  Allovs) 

F-15  Usage 

Sheet  less  than 
.080  in.  thick 

Pitting 

to  vp  so  SO 

*3?  £3 

Sheet  thicker  than 
.080  in. 

Exfoliation 

•7075-T76 

•2024-T72 

•2024-T81 

6061-T6 

Plate 

Exfoliation,  Stress 
Corrosion 

*7075-T73 

*2024-1851 

6061-T6 

Forgings 

Stress  Corrosion 

**7075-T73 XXX 

I 


NOTES:  Extrusions  are  similar  to  sheet  and  plate  in  corrosion  susceptibility 

*Alclad  materials  are  us  3d  where  environnental  conditions  could  cause 
pitting. 

**7075-17 3XXX  is  the  only  aluminum  material  reccumencted  for  forgings. 

The  F-15  aluminum  product  usage  is  unique  in  thaf  the  areas  identified  in 
the  Finish  Specification  as  "exterior"  are  ale  lad  or  anodised  or  are  fabricated 
from  6061-T6.  Alclad  was  used  in  perference  to  anodise  except  when  product  type, 
fabrication  or  functional  requirement  precluded  its  use.  Our  experience  indicated 
that  alclad  provided  sacrificial  protection  to  adjacent  non  clad  areas  such  as 
edges  and  countersinks.  In  contrast,  anodised  coatings  lack  the  capability  to 
protect  non-anodised  countersinks  and  other  adjacent  nan-anodised  surfaces.  Access 
doors  with  removable  fasteners  proved  to  be  the  most  susceptible  type  of  compon- 
ent to  exfoliation  corrosion  attack  on  previous  aircraft  designs.  Fortunately, 
in  order  to  meet  "turnaround"  requirements,  a large  mmaber  of  F-15  access  doors 
are  either  secured  by  latches  or  quick  release  type  fasteners.  Other  doors  are 
corrosion  resistant  becuase  they  are  fabricated  from  titanium.  Almrinw  doors 
seemed  with  removable  fasteners  in  addition  to  being  alclad  must  be  fabricated 
from  the  exfoliation  resistant  7075-T76,  7075-T73#  2024-172,  or  2024-T851 
materials. 


Exfoliation  and  stress  corrosion  resistant  overaged  tempers  were  also  used 
for  alunlnum  extrusions.  7075  alloy  extrusions  in  the  medium  gauge  sizes  were 
overaged  to  the  176511  temper  and  heavier  gauges  to  the  7075-173511  teller.  Hie 
exfoliation  and  stress  corrosion  resistant  2024-78511  alloy  temper  was  also  used 
in  many  applications.  Another  Important  corrosion  control  design  factor  is  that 
hundreds  of  lightly  loaded  miscellaneous  items  such  as  shims,  spacers,  brackets 
and  some  fairings  are  fabricated  from  an  alloy  with  superior  resistance  to  inter- 
granular and  pitting  corrosion  - 6061-76.  Formerly  such  items  were  fabricated 
from  2024-74  or  2024-73*  Naturally  aged  2XXX  series  alloy  tempers  such  as 
2024-74,  742,  T3,  7351  and  73511  were  prohibited  because  their  instability  in  the 
F-15  thermal  environment  Invited  intergranular  corrosion  attack  (7). 

Xt&MiM  Aliw  - All  titanium  alloys  are  used  in  the  annealed  condition. 
Ti-6A1-4V  is  used  in  applications  where  toughness  and  fatigue  resistance  are 
prime  requirements.  In  other  applications,  Ti-6Al-6V-2Sn  is  used  where  its 
superior  strength-to-weight  ratio  can  be  used  to  advantage.  High  pressure 
hydraulic  tubing  is  fabricated  from  T1-3A1-2 . 5V . 

Ferrous  An<w*  - Stainless  steel  selection  was  controlled  to  prevent  the  use 
of  alloys  or  microstructures  which  are  susceptible  to  intergranular  attack  (300 
series  alloys)  or  stress  corrosion  (precipitation  hardening  alloys).  Hie  SAE 
4340  type  alloy  forgings  which  caused  stress  corrosion  problems  in  older  designs 
when  they  were  heat  treated  to  high  strength  levels  are  restricted  to  the  180- 
200  ksi  ultimate  tensile  strength  range  for  F-15  applications.  The  high  strength 
landing  gear  components  are  fabricated  from  30GK  steel.  This  material  has  been 
used  successfully  for  canmrcial  aircraft  gear  components. 

Material  Distribution  - The  manner  in  which  these  materials  are  distributed 
throughout  the  airframe  is  shown  in  Figure  2.  Alclad  aluminum  alloy  skins  pre- 
dominate in  the  forward  fuselage  and  the  forward  part  of  the  center  fuselage. 

In  contrast,  the  aft  part  of  the  airframe  is  fabricated  from  titaniun  alloys, 
boron  epoxy  composites,  brazed  titanium  composites  and  alimdnum  honeycomb. 

3.4  Progrma  Controls  - It  is  not  difficult  to  select  materials  which  have  the 
required  corrosion  resistance  properties  for  a 10  year  service  life  and  to  draw 
up  another  list  of  materials  which  do  not  have  the  required  properties.  The  dif- 
ficult part  of  the  program  is  to  conxunicate  this  information  in  such  a way  that 
it  will  be  accurately  utilized  though  out  the  prime  contractor,  subcontractor  and 
component  supplier  system. 

There  is  no  traditional  vehicle  for  specifying  material  usage  that  parallels 
the  use  of  a finish  specification  for  control  of  finish  usage,  la  order  to  provide 
a working  document  to  aid  all  designers  to  select  materials  approved  by  structures, 
metallurgists  and  corrosion  specialists,  a MCAIR  Report,  "F-15  Corrosion  Control 
Guidelines"  (8)  was  compiled  by  corrosion  specialists  and  approved  by  the  Project 
Engineering  Manager  to  give  it  the  required  authority.  This  report  was  distributed 
to  the  progrma  design  team  before  any  drawings  were  released.  The  report  not 
only  minimized  the  number  of  drawings  rejected  by  the  corrosion  specialist  during 
his  review  but  also  reduced  ccnmication  problems  with  the  designers. 

The  report  also  provided  guidance  on  methods  for  water  trap  elimination 
including  the  use  of  drain  holes  at  low  spots  or  for  sealant  utilization  to  raise 
the  level  of  a low  spot  if  a drain  hole  could  not  be  drilled  at  that  particular 
location. 
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The  E33  Data  Item  - Procurement  Specifications  required  suppliers  of  cos* 
ponents  and  systems  - electronic  equipment  excepted  - to  submit  an  £33  data  item 
for  approval.  This  data  item  requires  full  disclosure  of  the  material,  finish 
and  processes  used  to  fabricate  each  detail  part.  These  data  items  were  reviewed 
by  corrosion  specialists  to  ensure  conformance  with  our  material  and  finish  re- 
quirements. Although  these  requirements  were  clearly  stated  in  the  Procurement 
Specification  a substantial  mirber  of  data  item  responses  indicated  they  were  not 
taken  seriously  and  that  the  suppliers  intended  to  continue  using  materials  that 
were  responsible  for  corrosion  problems  on  previous  aircraft  designs.  Therefore, 
without  the  E33  data  item  submittal  and  review  requirement,  airborne  systems  and 
components  would  not  have  met  F--15  material  and  finish  requirements. 

Engineering  Drawing  Review  - Besides  providing  the  necessary  control  to  en- 
sure only  approved  materials  and  finishes  are  used,  the  drawing  review  also  pro- 
vides an  opportunity  to  suggest  changes  which  reduce  dissimilar  metal  Interfaces 
or  which  reduce  costs  through  standardisation  of  material  usage.  Host  dissimilar 
metal  contacts  involve  the  selection  of  standard  parts  such  as  fasteners,  clampe  and 
plumbing  or  electrical  system  details  which  are  not  compatible  with  interfacing 
structure . 

3.5  The  Corrosion  Control  Training  Program  - Just  as  the  Corrosion  Control  Guide- 
lines Report  was  a major  factor  in  familiarising  design  personnel  with  the  corro- 
sion control  Design  Features  and  was  a major  factor  in  ensuring  compliance  , so  that 
Corrosion  Control  Training  Program  was  a major  instrument  for  performing  the  same 
functions  during  the  manufacturing  phase  of  the  program.  The  training  program  is 
a mandatory  requirement  for  all  in-house  and  major  subcontractor  personnel  assigned 
to  the  F-15  project.  Two  different  programs  are  available  for  presentation. 

Engineering,  Quality  Assurance  and  Manufacturing  supervision  are  given  class- 
room training  sessions  by  a corrosion  specialist  which  included  the  following  sub- 
ject matter: 

o Corrosion  theory 

o Typical  corrosion  problems  and  causes 

o Corrosion  control  program  contractual  requirements 

o The  F-15  corrosion  control  design  features 

o Mechanisms  by  which  F-15  design  features  avoid  or  prevent  corrosion  problems 

o Detail  and  assembly  operations  which  have  a critical  effect  on  weapon 
system  corrosion  resistance. 

Production  Training  Program  - Because  of  the  large  number  of  Production  per- 
sonnel ard  production  floor  Quality  Assurance  personnel  who  were  required  to  particl 
pats  in  the  Training  program  (approximately  1200),  this  presentation  was  automated. 

A tape  recording  was  used  in  conjunction  with  a slide  projector. 

This  training  program  was  based  on  the  pocket  sized  reference  book  mentioned 
previously  (6),  a copy  of  which  was  given  to  all  in-house  and  contractor  personnel 
who  attended  the  course.  The  presentations  and  the  training  sessions  are  organised 
fay  the  MCAIR  F-15  Training  Department. 

The  program  content  was  divided  into  two  sections: 
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Section  I discusses  detail  part  fabrication  and  finishes  with  emphasis  on 
the  Importance  of:  1)  protecting  parts  from  corrosion  or  mechanically  induced 
surface  damage  during  handling,  processing  and  storage,  2)  F-15  contractual 
mechanical,  thermal  and  chemical  processing  requirements,  3)  finishes  for  painted 
parts  and  finishes  for  surfaces  which  cannot  be  painted  because  of  functional  re- 
quirements. 

The  second  section  addressed  itself  to  assembly  operation  corrosion  control 
requirements  such  as  compartmental  drainage,  mold  line  sealing,  removal  of  foreign 
objects  from  compartments,  dissimilar  metal  protection  as  well  as  paint  finish 
requirements  for  subassemblies. 

The  pocket  sised  Corrosion  Prevention  Procedure  handbook  in  addition  to  pro- 
viding the  above  detailed  information  cautioned  all  personnel  to  be  on  the  "look- 
out" for  any  of  the  following  violations  and  to  report  them  to  their  supervision 
for  corrective  action: 

o Bare  structural  materials  in  contact  with  aluminum  (unless  contact  area 
is  environmentally  sealed). 

o Cadmium  or  silver  plated  parts  in  contact  with  titanium. 

o Assembly  line  drilling  or  "fitting"  of  painted  magnesium  parts. 

o Unprotected  aluminum  fastener  elements  such  as  screws,  washers,  collers, 
etc.,  in  contact  with  titanium  or  stainless  steel. 

The  reason  that  bare  structural  materials  in  contact  with  aluminum  - unless 
contact  anas  are  environmentally  sealed  - is  a violation  is  that  materials  which 
do  not  have  a protective  finish  an  corrosion  resistant  and  thenfon  incompatible 
with  aluminum.  The  finish  specification  requires  that  all  such  dissimilar  metal 
joints  be  assembled  with  a coating  of  uncured  paint  or  primer  on  the  mating  sur- 
faces so  that  a "squeeze  out"  of  excess  material  is  obtained.  This  ensuns  that 
all  voids  in  the  Joint  an  filled  with  paint  or  sealant  to  deny  access  to  moistun 
and  other  corrodents. 

The  interfacing  of  any  cadmium  plated  parts  with  titanium  is  prohibited  not  only 
because  it  may  cause  msbrltt  lament  sad  cracking  of  the  titanius  micro  structure , but  also 
because  the  materials  an  galvanically  incompatible.  Silver  in  contact  with  ti- 
tanium alloys  has  an  adverse  effect  on  their  stress  corrosion  resistance  at  tem- 
peratures in  excess  of  450*F  and  thenfon  the  use  of  standard  silver  plated  stain- 
less steel  fasteners  or  other  silver  plated  components  is  prohibited  in  applica- 
tions when  they  would  contact  titanium. 

Magnesium  parts  are  supplied  to  the  assembly  line  in  a painted  condition. 

Drilling  of  holes  or  any  other  operation  which  would  damage  the  anodized  Dow  17 
coating  and  the  paint  finish  an  prohibited  because  then  is  no  touch-up  treat- 
ment which  supplies  equivalent  protection  to  Dow  17 . And  magnesium  needs  all  the 
specified  protection  to  remain  corrosion  free  for  the  life  of  the  airframe. 

Aluminum  fastener  elements  in  an  aluminum  structure  would  be  automatically 
painted  with  the  rest  of  the  subassembly.  In  contrast,  an  interior  located  tita- 
nium or  stainless  steel  structure  is  normally  not  painted.  Therefore,  aluminum 
fastener  elements  located  in  such  a structure  must  be  touched  up  by  hand. 
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There  are  two  general  points  of  interest  concerning  the  training  program: 


1.  A computer  progrma  is  used  to  ksep  track  of  personnel  changes  so  that 
the  Training  Department  can  arrange  training  sessions  as  new  personnel 
are  assigned  to  the  project. 

2.  More  than  1,500  MCAIR  personnel  and  a large  nimber  of  prime  contractor 
personnel  have  been  exposed  to  the  corrosion  control  training  and  have 
received  a copy  of  the  "Corrosion  Control  Handbook". 


4.0  COHCLUSIOM 

There  can  be  a significant  gap  between  the  quality  of  the  technology  built 
into  a product  and  that  which  has  been  made  available  for  use  through  research 
and  development  programs.  This  is  generally  true  immediately  following  rapid 
technology  advances  and  is  especially  true  if  the  new  technology  cannot  be  applied 
by  traditional  application  methods.  Corrosion  control  technology  in  the  middle 
60' s is  a case  in  point.  It  had  suddenly  expanded  in  scope  and  sophistication  to 
the  extent  that  it  was  no  longer  solely  concerned  with  protective  finishes.  If 
advances  in  corrosive  resistant  material  technology  were  to  be  fully  exploited, 
the  corrosion  engineer  had  to  move  from  the  traditional  peripherlal  role  of  writ- 
ing a finish  specification  tc  one  of  active  participation  in  the  conceptual  and 
detail  design  of  the  product.  Acceptance  of  this  concept  and  its  Implementation 
would  normally  be  a slow  process  and  during  such  a transition  a significant  gap 
in  applied  technology  and  state-of-the-art  technology  would  exist. 

The  Air  Force  Corrosion  Control  Plan  played  a vital  role  in  speeding  up  the 
transition  process.  Bjr  making  the  plan  contractual  and  having  the  contractor 
identify  the  plan  manager,  corrosion  control  was  no  longer  everybody's  and  nobody's 
responsibility.  The  Plan  outlined  the  scope  of  the  contractor's  program  and  set 
the  ground  rules  for  developing  a program  which  had  the  necessary  management  and 
technical  attributes  for  success. 

The  Eagle  Corrosion  Control  Program  which  has  been  discussed  in  general  terms 
is  one  example  of  an  infinite  variety  of  plans  which  can  be  ouilt  around  the 
Corrosion  Control  Plan  Blueprints.  The  program  built  on  these  blueprints  can  be 
a facade  or  an  efficient  corrosion  control  implementation  tool  depending  on  the 
type  of  support  it  receives  from  project  management  and  depending  on  the  skill  and 
dedication  of  the  hundreds  of  personnel  who  have  a direct  or  peripherlal  part  in 
its  function. 

In  the  writer's  opinion  a successful  program  should  have  the  following 
characteristics . 

0 The  program  must  have  a clearcut  objective 

0 Selected  corrosion  control  technology  must  be  compatible  with  the 
program  objective 

0 Materials  and  finishes  must  be  selected  on  environmental  basis 

| 

0 Component  materials  which  would  normally  be  painted  but  which  cannot  be 
painted  must  be  given  equivalent  protection  by  another  corrosion  preven- 
tion method 
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° Materials  which  are  too  corrosion  proas  to  be  capable  of  protection  by 
conrentional  finishes  should  be  avoided.  If  this  is  not  possible,  then 
they  Bust  be  protected  by  a special  finish  tailor  nade  to  meet  their 
requirements.  The  shot  penned,  ehroauted  cacW.ua,  paint  system  combina- 
tion finish  need  on  high  strength  steels  is  an  of  a special  finish 

combination  required  for  a potentially  corrosion  suoceptibis  material. 

0 the  progrma  object  ire  a must  be  kept  in  mind  during  day  to  day  decision 
making  to  prevent  a gradual  deterioriation  in  applied  technology  quality. 

It  is  felt  that  the  Eagle's  Corrosion  Control  Program  Is  successful  by 
today's  standards.  However,  the  moment  of  truth  will  not  arrive  until  a algni- 
ficant  masher  of  aircraft  have  been  in  servioe  for  the  duration  of  their  design 
life.  Therefore,  it  would  be  interesting  to  compare  the  conclusions  drawn  at 
that  time  with  the  conclusions  -net  appear  valid  today. 
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ABSTRACT 

The  threshold  stress  intensities  for  stress  corrosion  crack  propagation 
in  beta  titanium  alloy  38-6-44,  Ti -3A1 -8V-6Cr-4Mo-4Zr , has  been  determined 
in  salt  water  arid  methanolic  solutions.  The  alloy  was  immune  to  SCC  in  aqueous 
sodium  chloride  solutions.  However,  in  methanolic  solutions,  the  alloy  was 
very  susceptible  to  SCC.  This  marked  susceptibility  in  methanolic  solutions 
can  be  mitigated  by  the  addition  of  an  inhibitor  sodium  nitrate.  Crack  exten- 
sion in  the  alloy  was  transgranular  and  failure  occurred  by  brittle  quasicleav- 
age in  methanolic  solutions. 
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INTRODUCTION 


The  newer  beta-type  titanium  alloys  are  finding  increasing  use  because  of 
their  excellent  fabricability,  corrosion  resistance,  and  heat  treatment  respons- 
In  the  ductile  solution  treated  condition,  these  alloys  are  easily  formed  and 
cold  headed  for  applications  such  as  honeycomb,  thin  sheet,  and  fasteners.  The 
excellent  deep  hardening  characteristics  of  beta  titanium  alloys  also  make  them 
attractive  for  thick  section  parts. 

One  of  these  newer  8 alloys,  titanium  alloy  38-6-44,  nominal  composition 
Ti-3Al-8V-6Cr-4Mo-4Zr,  has  been  selected  as  the  candidate  material  for  the 
Scout  Army  Vehicle  dual  rate  torsion  bar  application.  The  selection  of  this 
alloy  appears  to  be  an  excellent  materials  choice  because  of  its  superior 
spring  rate  characteristics.  Also,  depending  on  the  heat  treat  cycle,  many 
strength-ductility  combinations  can  be  produced  and,  unlike  some  of  the  other 
beta  alloys,  the  brittle  omega  phase  does  not  form  during  the  heat  treatment. 

By  proper  aging  of  the  solution  treated  material,  ultimate  tensile  strengths 
in  excess  of  200  ksi  can  be  obtained. 

Other  8 alloys,  including  Beta  III1,  have  been  reported  as  susceptible  to 
SCC  in  aqueous  solutions.  The  strength  level  of  Ti-38-6-44  proposed  for  the 
Scout  torsion  bar  application  is  relatively  high  and  usually  susceptibility  to 
SCC  increases  with  increasing  strength  level.  For  these  reasons,  SCC  of 
Ti-38-6-44  may  be  a potential  problem  for  Scout  and  ATAC  requested  that  AMMRC 
investigate  the  alloy's  SCC  susceptibility.  Reported  herein,  is  the  alloys 
response  to  SCC  in  the  solution  treated  and  aged  condition  that  is  identical 
to  the  heat  treatment  proposed  for  the  Scout  torsion  bar  application. 
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EXPERIMENTAL  PROCEDURE 


Materials 

Titanium  alloy  38-6-44  was  obtained  from  Reactive  Metals  Inc.  in  the  form  of 
9/16-inch  thick  plate  which  had  been  solution  treated  at  1700°F  for  thirty 
minutes  and  air  cooled,  then  aged  at  875°F  for  24  hours  and  air  cooled.  The 
chemical  composition  and  mechanical  properties  of  the  material  are  shown  in 
Table  I. 

Single  edge  notched  cantilever  beam  specimens,  6 x 1 x 0.5  inch  with  a 
0.3-inch  deep,  45°  included  angle  notch  were  fabricated  from  the  plate  mater- 
ial in  order  to  determine  this  alloys  susceptibility  to  stress .corrosion 
cracking.  The  specimens  were  of  L-T  orientation,  that  is,  they  were  cut  with 
the  long  dimension  parallel  to  the  direction  of  grain  flow  and  notched  so  as 
to  cause  crack  growth  and  fracture  during  testing  to  take  place  through  the 
long  transverse  direction. 

Metal lographic  examination  of  the  alloy  shows  a microstructure  of  equiaxed 
beta  grains  with  a finely  dispersed  alpha  phase  (dark)  in  the  beta  (light) 
matrix.  Note  the  « precipitation  at  the  grain  boundaries  and  the  enriched 
8 region  adjacent  to  the  8 grain  boundaries.  See  Figure  I. 

The  environments  used  for  testing  were  3.5%  sodium  chloride,  methanol,  and 
methanol  to  which  a small  amount  of  hydrochloric  acid  was  added.  Reagent  grade 
chemicals  and  distilled  water  were  used  to  prepare  the  solutions.  The  sodium 
chloride  was  used  to  simulate  a sea  water  environment  while  methanol  has  been 
used  as  a de-icing  solution  in  both  automotive  and  aircraft  applications.  The 
methanol  plus  hydrochloric  acid  solution  is  a convenient  way  of  introducing 
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chloride  ion  into  methyl  alcohol.  Titanium  alloys  have  been  found  to  be 
susceptible  to  stress  corrosion  in  all  of  these  environments. 

TF.ST  PROCFDURF. 

The  cantilever  beam  test  developed  by  Brown  and  Beachem^  was  used  to 
determine  the  alloy's  degree  of  susceptibility  to  SCL . In  this  test,  speci- 
mens containing  a sharp  flaw  (a  notch  which  is  sharpened  by  fatiguing)  are 
deadweight  loaded  in  cantilever  bending  with  a plastic  cell  containing  the 
desired  environment  surrounding  *he  pre-cracked  central  portion  of  the 
specimen.  Stress  intensity  was  calculated  from  the  Kies  equation  given  in 
Figure  2.  Also  shown  in  Figure  2 is  the  specimen  geometry  and  test  rig. 

The  results  of  the  stress  corrosion  tests  were  plotted  as  initial  applied 
stress  intensity  vs.  time  to  failure,  and  the  planer-strain  threshold 
stress  intensity  level,  KjsccJ  below  which  crack  growth  did  not  occur,  was 
determined . 

Fracture  surfaces  were  replicated  by  the  plastic  carbon  technique  and 
examined  by  electron  microscopy.  Chromium  was  used  as  a replica  pre-shadow- 
ing material . 


RESULTS  AND  DISCUSSION 


Figure  3 contains  plots  of  critical  stress  intensity  vs.  time  to  failure 
for  Ti -38-6-44  in  3.5%  NaCl,  CHjOH,  CILjOK  + 0.5%  HC1,  and  CH^H  + 0.5%  HC1  + 

0.5%  NaNO,  solutions.  These  plots  show  that  KT  is  34.5  ksi  /In.  in  NaCl, 

16  ksi  /In.  in  CH^OH,  and  6 ksi  /in.  in  CH^OH  + HC1 . The  air  value,  K^,  is 
35  ksi  /liT.  These  data  indicate  that  the  alloy  is  immune  to  sodium  chloride 

1 
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SCC  and  is  very  susceptible  to  Sec  in  methanolic  solutions,  particularly  in 

methanol  + MCI  solution.  Thus,  the  measure  of  susceptibility  KT  /K1Y, 

decreases  from  0.46  in  CH^OH  to  0.17  in  CH^OH  + HC1  solution.  Average  crack 

growth  rates  (based  on  optical  comparator  measurement  of  the  total  crack 

_2 

extension  in  the  SCC  zone  as  a function  of  time)  were  1.4  x 10  in/hr  (3.6 

x 10  1 mm/hr)  and  3 x 10  ^ in/hr  (8.2  x 10  * mm/hr)  in  CH^OH  and  CH^OI!  + HC1 

solutions  respectively.  The  stress  intensities  at  failure  were  56  +_  2 ksi  /in. 

and  44  +_  2 ksi  /IrT.  respectively.  The  addition  of  0.5%  IIC1  increased  the 

average  crack  growth  rate  in  methanol  by  a factor  of  'v2 . Figure  3 also 

shows  that  NaNO,  increases  KT  for  the  alloy  in  CH,OH  + HC1  from  6 to  30 
3 I see  J 3 

ksi  /irT.  which  approaches  the  air  value  of  35  ksi  /Tn.  Thus,  NaNO^  markedly 

reduces  the  susceptibility  of  the  alloy  to  SCC  in  this  extremely  aggressive 

environment . 

Macroscopic  examination  of  the  fracture  surfaces  of  specimens  which 
exhibited  environmental  cracking  revealed  three  distinguishable  zones,  namely, 
the  fatigue  zone  under  the  notch,  the  slow  crack  growth  or  SCC  rone,  and 
finally  the  fast  fracture  area  (see  Figure  4).  There  was  no  apparent  SCC 
zone  for  specimens  showing  immunity  to  SCC.  Figures  5-10  are  high  magnifica- 
tion replica  fractographs  which  show  the  effect  of  environment  on  the  fracture 
mode  of  the  alloy.  Crack  extension  in  all  environemnts , including  air,  was 
transgranular . The  transgranular  plastic  fracture  shown  in  Figure  5a-5c  is 
typical  for  specimens  fractured  in  air  as  well  as  for  the  fast  fracture  zone 
of  specimens  tested  in  aqueous  and  methanolic  solutions.  The  main  feature  of 
their  fracture  topologies  is  that  they  all  contain  dimples.  In  Figure  5c, 
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the  dimples  are  relatively  small  and  shallow,  whereas  the  dimples  are  larger 
and  more  pronounced  in  Figure  5a  and  5b. 

The  fracture  surfaces  of  the  specimens  tested  in  NaCI  solution  (immune 
to  SCC)  and  inhibited  CH^OH  ♦ MCI  solution  (little  susceptibility  to  SCC) 
showed  no  discernible  slow  crack  growth  area.  See  Figures  6 and  7.  Note  the 
similar  ductile  rupture  topologies  (shallow  dimples). 

Fractographs  of  the  specimens  stress  corroded  in  uninhibited  methanol ic 
solutions  (very  susceptible  to  SCC)  are  shown  in  Figures  8-10.  Figure  8 
shows  the  interface  of  the  fatigue  and  slow  crack  growth  areas  and  Figure  9 
the  center  of  the  slow  crack  growth  area.  The  SCC  failure  mode  is  transgranu- 
lar  brittle  quasi-cleavage.  Figure  10  shows  that  there  is  an  intermediate 
zone  in  the  transition  from  slow  crack  growth  to  fast  fracture  which  is 
characterized  by  cleavage  tongues.  The  fast  fracture  zone,  as  mentioned 
earlier,  has  a ductile  dimple  rupture  topology. 

CONCLUSIONS 

1.  The  solution  treated  and  aged  titanium  alloy  38-6-44  is  immune  to  sodium 
chloride  stress  corrosion  when  the  alloy  is  tested  in  the  L-T  direction.  Thus 
SCC  in  salt  water  environments  is  not  expected  to  be  a problem. 

2.  Methanolic  solutions  provide  extremely  aggressive  environments  for  the 
SCC  of  Ti-38-6-44.  The  susceptibility  is  markedly  increased  in  CH^OH  + HC1 
solution. 

3.  The  SCC  resistance  of  Ti-38-6-44  in  CH^OH  + HC1  solution  can  be  signifi- 
cantly improved  by  the  addition  of  sodium  nitrate  to  the  solution.  Thus,  care 

* should  be  taken  that  the  Ti-38-6-44  components  do  not  come  in  contact  with 
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Figure  1.  Photomicrograph  of  Ti-38  6 44 
in  the  as-received  STA  condition. 

Mag.  250X 


Figure  2.  Cantilever  rig,  specimen  geometry  and 
equation  for  stress  intensity  values 


Specimen  Loading  Arm 


L ■ 6 inches 
W • 1 inch 


where: 

M ■ the  bending  moment  at  the  notch 
0 • the  thickness  ot  the  specimen 
W • the  depth  ol  the  specimen 


Corrosion  Cell 


o 3.5%  NaCI 


□ CH,OH 


O CH,0H  + 0.4%  HCI 


A CH  OH  + 0.4%  HCI  + 0.5%  NaNO, 


K . ■ 34.5  ksi  \/Uv 


Time  to  Failure,  Minutes 


Figure  3.  Stress  corrosion  curves  for  titanium  alloy  38-6-44 


Fast  Fracture 


Figure  4.  Fracture  surfaces  of  specimens  stress  corroded  in  (a)  CH3OH  and  (b)  CH3OH  + HCI.  Mag.  4X 
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Figure  5.  Fractographs  of  Ti  38  6 44  showing 
ductile  rupture  in  the  rapid  fracture  zone. 
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Figure  6.  Fracture  topology  of  Ti-38-6-44  showing 
'atigue  and  fracture  zones  resulting  from  stressing 
in  aqueous  NaCI  and  inhibited  CHjOH  + HCI 
Mag.  2.500X 


Figure  7.  Fracture  topology  of  Ti-39-6-44  showing 
fatigue  and  rapid  fracture  zones  resulting  from 
failure  in  air.  Mag.  2.200X 


see 


Figure  8.  Fractograph  of  Ti-38-6-44  showing  fatigue  and 
see  zones  resulting  from  stressing  in  methanolic  solutions, 
Meg.  2.800X 


Figure  9.  Topology  of  Ti-38-6-44  of  the  SCC  zone 
resulting  from  stressing  in  methanolic  solutions. 
Mag.  6.300X 


Figure  10.  Fracture  topolugy  of  Ti-38-6-44 
of  the  SCC  and  rapid  fracture  zones  for 
specimen  failed  in  CH3OH.  Mag.  4.600X 
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MATERIALS  REQUIREMENTS  IN  A HYDROGEN  ECONOMY— NEW  CHALLENGES? 


I»V 

II.  I'.  Syrult,  II.  L.  Jones,  and  N.II.U.  Daniels' 
ABSTRACT 


It  is  anticipated  that  the  energy  shortages  already  experienced  in  the  United 
States  will  develop  into  a serious  crisis  before  the  end  of  the  twentieth  century. 
The  supply  ol  gaseous  and  liquid  fossil  fuels,  barely  adequate  for  our  needs  today 
Is  expected  to  lull  short  of  the  demand  in  the  years  to  come.  Consequently,  there 
has  been  an  increasing  recent  effort  to  develop  alternative  fuels.  One  fuel  that 
has  received  much  attention  is  hydrogen,  which  has  the  advantages  of  being  clean 
(its  combustion  product  is  nonpolluting)  and  in  plentiful  supply  (in  the  form  of 
water)  . 

Numerous  publications  discuss  the  merits  and  feasibility  of  a national, 
hydrogen-based  fuel  system  (a  "hydrogen  economy") , and  many  predict  the  widespread 
use  of  hydrogen  by  the  year  2020. 

Of  the  wide  variety  of  problems  that  could  occur  with  the  introduction  of  a 
hydrogen  economy,  those  related  to  materials  are  considered  in  this  paper.  The 
transmission,  storage,  and  use  of  hydrogen  are  discussed  briefly,  but  major 
emphasis  is  placed  on  the  materials  research  and  development  needs  related  to  large- 
scale,  low-cost  hydrogen  production. 

INTRODUCTION 


This  paper  is  based  on  portions  of  a study1  conducted  for  De'ense  Advanced 
Research  Projects  Agency  (ARPA)  dealing  with  materials  problems  that  would  be 
encountered  with  the  widespread  introduction  of  advanced  nonfossil  fuel  systems. 

The  fuel  considered  in  greatest  detail  in  this  study  was  hydrogen. 

There  have  been  an  increasing  number  of  publications  in  recent  years  that  have 
discussed  the  merits  and  feasibility  ol  a national  hydrogen-based  fuel  system — the 
so-called  hydrogen  economy.  Because  of  the  ever  increasing  shortage  of  fossil  fuels, 
many  predict  the  widespread  use  of  hydrogen  by  the  year  2020.  Its  chfef  advantages 
are  that  it  is  in  plentiful  supply  (in  the  form  of  water)  ar.d  that  its  combustion 
product  is  nonpolluting  (unlike  fossil  fuels). 

The  merits  or  financial  feasibility  of  a hydrogen  economy  will  not  be  discussed 
here.  Instead,  it  will  be  assumed  that  a fuel  system  based  on  hydrogen  will  be 
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i ut  reduced , anti  that,  because  ol  a shortage  ol  fossil  luels,  hydrogen  will  be  pro- 
duced entirely  1 com  a non fossil  source,  namely  water.  It  will  further  be  assumed 
that  a primary  source  oi  energy , (e.g.  , nuclear,  solar,  wind)  will  be  available  in 
suliicient  quantities  to  allow  the  extraction  oi  the  required  amount  of  hydrogen 
J rom  water.  01  the  wide  variety  of  problems  that  could  occur  with  the  introduc- 
tion of  a hydrogen  economy,  only  problems  related  to  materials  will  be  discussed, 
and  particular  emphasis  will  be  placed  on  problems  that  need  immediate  attention  to 
permit  the  successful  introduction  ol  a hydrogen  economy  in  40  to  50  years. 

Tilt,  IlYDIttXiEN  ECONOMY 

11  appears  that  there  is  a deep-seated  feeling  in  a large  number  of  the  popu- 
lation that  hydrogen  is  a "dangerous  gas."  frequent  mention  is  made  of  the  Hinden- 
berg  disaster  and  ol  the  embrittlement  and  slow  crack  growth  that  have  long  been 
■ bservod  in  metals  exposed  to  hydrogen  environments.  On  the  other  hand,  the 
1 unt liar  laboratory  gas  bottles  containing  hydrogen  have  apparently  had  a perfect 
salotv  record  for  more  than  50  years,  and  many  years  of  practical  experience  have 
already  been  amassed  in  the  transmission  of  gaseous  hydrogen  for  industrial  uses— 
ulmittedly  over  relatively  short  distances  and  at  relatively  low  pressures.  So  what 
is  the  truth? 

In  the  study1  conducted  for  ARPA , the  materials  problems  that  might  be  encoun- 
tered in  a hydrogen  fuel  e-.'nomy  wore  examined  in  detail.  Four  major  aspects  of 
the  hydrogen  fuel  system  were  studied:  (1)  production,  i2)  transmission  and  distri- 

bution,  Ci)  storage,  and  (-1)  end  use.  Although  important  materials  research  and 
levelopment  needs  were  identified  in  each  of  these  four  areas,  it  is  the  belief  of 
(lie  authors  that  no  uisurmuunt able  material s-related  obstacles  exist  to  prevent  the 
sale  and  successful  transportation,  storage,  and  use  ol  hydrogen  fuel.  It  was 
apparent  tl  it  the  major  effort  must  go  into  developing  improved  methods  of  producing 
hydrogen  i'  large  volumes  at  minimum  cost.  Materials  research  and  development  needs 
related  ti  large-scale,  low-cost  hydrogen  production  will  now  be  discussed  in  greater 
detail. 


LARGE-SCALE,  LOW-COST  HYDROGEN  PRODUCTION 


Even  a partial  hydrogen  fuel  economy  would  require  the  production  of  enormous 
quantities  oi  hydrogen.  The  quantity  of  hydrogen  required  to  have  entirely  replaced 
the  1070  U.S.  Tossil  fuel  consumption  would  have  been  about  631  million  tons. 

Replacing  the  1970  U.S.  natural  gas  supply  alone  would  have  required  215  million  tons 
il  hydrogen.  (See  Table  1.)  In  a future  total  hydrogen  e nomy , billions  of  tons 
per  year  would  be  required.  Contrast  this  need  with  the  world  production  of  hydrogen 
in  1970  oi  about  17  million  tons,  only  5%  oi  which  was  derived  from  noniossil  sources. 

Water  is  the  only  credible  noniossil  source  of  the  required  quantities  of 
hydrogen,  and,  in  the  short-to-mid-term  future,  nuclear  fission  appears  to  be  the 
only  possible  source  of  the  energy  needed  to  extract  hydrogen  from  water;  in  the 
longer  term,  other  energy  sources  such  as  solar  heat  and  nuclear  fusion  may  become 
important . 
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Table  1 


ANNUAL  U.S.  ENERGY  SUPPLY  (1970) 


Energy  Source  Energy  Content  (10* 5 
Fossil  fuels 

- Natural  gas  22.1 

- Coal  13.5 

- Liquid  hydro-  29.4 

carbons 

Total  iossil  fuels  05.0 

All  other  2.8 


Btu)  H,  Equivalent*  (106  Tons) 

215 

131 

285 

031 

27 


•Based  on  the  lower  heating  value  oi  H2  (51,571  Btu/lb)  . 

Three  possible  routes  can  be  suggested  for  using  nuclear  energy  to  extract 
hydrogen  from  water:  electrolysis,  direct  thermal  splitting,  and  thermochemical 

splitting.  Electrolysis  is  the  only  proven  method,  but  electrolysis  requires  an 
inefficient  intermediate  step  in  which  heat  energy  is  converted  into  electricity. 

A process  for  splitting  water  using  thermal  energy  alone  would  avoid  this  inter- 
mediate step  and  might , therefore,  be  capable  of  producing  hydrogen  with  a higher 
overall  efficiency  and  at  a lower  cost.  The  direct  thermal  dissociation  of  water, 
requiring  temperatures  in  excess  of  2500°C  for  appreciable  conversion,  is  not  fea- 
sible within  the  limitations  of  foreseeable  reactor  technology.  However,  it  is 
theoretically  possible  to  split  water  by  a combination  of  chemical  and  thermal  steps 
at  tempei at'iros  below  the  — 1000°C  level  anticipated  in  tuture  high-temperature  gas- 
cooled  reactors.  A considerable  effort  is  now  underway  in  laboratories  around  the 
world  to  reduce  to  practice  the  thermochemical  splitting  concept. 

The  typo  of  process  being  sought  is  a closed  chemical  cycle  in  which  the  maximum 
process  temperature  is  below  10C0°C,  and  only  water  is  consumed,  any  chemical  inter- 
mediates being  completely  recycled.  A large  number  of  possible  cycles  have  now  been 
proposed,  and  the  range  of  possibilities  is  still  growing  with  several  groups  using 
computerized  search  routines  to  identify  promising  reaction  sequences.  However,  none 
oi  the  proposed  cycles  have  yet  been  integrated  into  even  a bench-scale  process,  and 
it  is  not  yet  clear  whicli  cycle  or  cycles  should  be  selected  for  further  development. 
In  fact,  it  seems  likely  that  three  to  five  years  of  additional  research  into  reac- 
tion thermodynamics  and  kinetics  will  be  required  before  the  most  attractive  cycles 
and  their  associated  materials  problems  can  be  clearly  defined. 

An  indication  of  the  types  of  materials  problems  that  are  likely  to  be  encoun- 
tered in  future  thermochemical  splitting  plants  can  be  obtained  by  reviewing  the 
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general  naluro  of  the  cycles  now  under  consideration.  All  water  splitting  cycles 
involve  some  soil  ol  hydrolysis  step  in  which  hydrogen  or  oxygen  is  generated,  either 
directly  or  via  one  «>v  more  chemical  int  e riiied  ia  tes . Because  ol  their  strong  tendency 
to  hydrolyze,  metal  halides  are  involved  in  many  ol  the  proposed  Ihonnochoniicat 
splitting  cycles.  Other  proposed  species  include  halogens,  hydrogen  halides,  liquid 
metals,  metal  oxides  and  metal  hydroxides,  as  well  as  hydrogen,  oxygen,  and  steam. 

A typical  example  ol  a reaction  sequence,  the  Mark  IB  process  proposed  by  the  EURATOM 
group  in  Italy,  is  shown  here: 


(1) 

Ca Brg  * ll20  - Ca(Oll)  ,j  . 21111  r 

780°C 

12) 

Hg2Br2  -i  2HBr  - 2HgBr2  - 112 

120°C 

(3) 

HgBr2  • Hg  - Hg2Br2 

1 20°C 

(4) 

HgBr2  * Ca(0H)2  - CaBr2  . HgO  * il20 

200°  C 

(5) 

HgO  - Hg  r £q2 

600  JC 

It  seems  probable  that  corrosion  ol  containment  vessel  materials  will  be  a major 
problem  in  the  chemically  aggressive,  h igh-temperat lire  environments  involved  in  this 
and  all  other  thennochemical  splitting  cycles.  In  addition  to  the  need  lor  corrosion 
resistant  materials  and  coatings , materials wi  th  goixl  high- temperature  strength  will 
be  needed,  especially  for  reaction  vessels  required  to  operate  at  high  pressures, 
lor  Instance,  the  calcium  bromide  hydrolysis  step  in  the  above  EURATOM  Mark  IB  pro- 
cess is  to  be  carried  out  at  780*1'  and  at  a system  pressure  of  30  atmospheres. 

As  for  the  proven  hydrogen  production  route,  electrolysis,  it  should  be  noted 
first  that  electrolysis  is  ar.  old  technology.  The  electrolytic  decomposition  of 
water  was  first  demonstrated  In  1800,  and  electrolysis  has  been  used  for  the  com- 
mercial production  of  hydrogen  for  more  than  60  years.  Electrolyzer  design  remained 
virtually  unchanged  until  recently,  and,  as  a consequence,  conventional  electrolyzers 
are  characterized  by  conservative  design  and  engineering,  which  leads  to  low  energy 
efficiency,  low  cell  capacity,  and  high  capital  costs. 

Table  2 shows  that,  for  a typical  large  conventional  electrolyzer,  the  cost  of 
electric  power  consumed  is  by  far  the  major  contributor  to  the  cost  of  the  hydrogen 
produced.  If  electrolytic  hydrogen  was  to  be  produced  on  tin*  vast  scale  required 
for  its  use  as  a luel,  the  mass  production  of  electrolyzers  ol  advanced  design  would 
be  necessary.  This  would  probably  result  in  a decrease  in  the  capital  cost  contri- 
bution to  below  the  24  percent  shown  in  Table  2 and  so  would  further  increase  the 
percentage  of  product  cost  attributable  to  the  electric  power  consumed. 

Therefore,  to  minimize  product  cost,  electrolyzer  development  must  be  directed  to 
optimizing  the  utilization  of  electric  power,  i.e  , to  maximizing  the  electrolyzer 
efficiency . 

The  thermal  efficiency  of  electrolysis  is  commonly  defined  as  the  ratio  between 
the  gross  heating  value  of  the  hydrogen  produced  and  the  heating  value  of  the  elec- 
trical energy  expended.  By  this  definition,  the  theoretical  thermal  efficiency 
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of  electrolysis  is  120  percent  at  STP  because  of  the  endothermic  nature  of  elec- 
trolysis. The  thermal  efficiency  increases  as  the  temperature  is  increased,  such 
that  at  550°F  (1  atmosphere  pressure)  the  theoretical  efficiency  has  reached  about 
150  percent.  In  comparison,  the  actual  thermal  efficiencies  of  today's  commercial 
electrolyzers  range  from  about  50  percent  lor  older  units  to  about  80  percent  for 
the  best  current  units. 
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Table  2 

BREAKDOWN  OF  COSTS  FOR  ELECTROLYTIC  HYDROGEN  PRODUCED 
BY  A LARGE  CONVENTIONAL  ELECTROLYZER 

Cost  contribution  Percent  ol  Product  Cost 


Electric  Power  Consumed  6!). 5 

Capital  Costs  24 

Other  Consumables  4.5 

Operation  and  Maintenance  2 


100 


The  discrepancy  between  theoretical  and  practical  efficiencies  is  associated 
almost  entirely  with  the  extra  voltage  above  theoretical  that  must  be  applied  to 
the  electrodes  of  a real  cell  in  order  to  achieve  a reasonable  rate  of  hydrogen 
production.  A number  of  factors  contribute  to  this  overvoltage.  Concentration 
polarization  of  the  anode  and  cathode  and  resistive  voltage  drops  in  the  electron 
conduction  path  account  for  minor  contributions  to  the  overvoltage,  but,  in  today's 
commercial  electrolyzers,  the  major  con t ribut ions  are  due  to  activation  polarization 
of  the  electrodes  and  the  resistive  voltage  drop  in  the  ion  conduction  path. 

Resistive  voltage  losses  can  be  minimized  by  minimizing  interelectrode  spacing, 
keeping  product  gases  out  of  the  current  path,  using  a high-conductivity  electrolyte, 
maximizing  the  ionic  conductivity  oi  the  separator,  and  increasing  the  operating 
temperature.  Activation  polarization  can  be  mirimized  by  using  electrocatalysts,  by 
increasing  the  elfective  area  of  the  electrodes,  and  by  increasing  the  operating 
temperature.  It  will  be  noted  that  an  increase  in  the  operating  temperature  decreases 
both  resistive  voltage  losses  and  activation  polarization.  Temperature  increases  and 
the  use  ol  electrocatalysts  are  considered  most  likely  to  lead  to  the  desired  sub- 
stantial improvements  in  efficiency.  Materials  research  and  development  needed  to 
allow  these  advances  will  now  be  discussed. 


Most  of  today's  commercial  electrolyzers  use  aqueous  solutions  of  potassium 
hydroxide  as  the  electrolyte.  Before  any  substantial  operating  temperature  Increase 
is  possible  in  these  alkaline  electrolyzers,  the  materials  problems  that  must  be 
overcome  Include  severe  corrosion  of  the  nickel  anode  and  rapid  deterioration  of 
separator  and  cell  frame  materials  at  temperatures  above  about  100°C. 

I 

Because  the  materials  currently  used  for  the  anode  and  cathode  structures 
(nickel  and  iron  respectively)  are  themselves  fairly  good  catalysts  for  oxygen  and 
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hydrogen  evolution,  it  has  been  suggested  that  significant  improvement  in  catalytic 
activity  can  be  obtained  only  by  using  noble  metals  such  as  platinum.  However,  the 
use  of  noble  metal  catalysts  on  a hydrogen  economy  scale  can  probably  be  ruled  out 
lor  reasons  of  cost  and  availability,  for  instance,  at  a moderate  catalyst  loading 
ol  1 gram/ft®  (about  1 mg/cm2),  the  amount  of  catalyst  required  for  a hydrogen  pro- 
duction capacity  equivalent  to  the  1970  U.S.  consumption  of  natural  gas  would  be  of 
the  order  of  2 million  pounds,  compared  with  a current  annual  world  production  of 
platinum  of  about  0.1  million  pounds  and  a U.S.  annual  production  of  a mere  620 
pounds.  (See  Table  3.)  These  figures  emphasize  the  need  for  the  development  of 
improved,  nonnoble  electrocatalysts. 


Table  3 

OiTALYST  REQUIREMENTS  OK  NOHLE  METAL  CATALYZED  ELECTROLYZERS 


Catalyst  loading  of  1 gram/ft2 

1970  U.S.  natural  gas  consumption 

.'.  Catalyst  required 

World  production  ol  platinum 

U.S.  production  ol  platinum 


~ ?0  grams  of  catalyst  per  pound/hour 
of  H2  production  capacity 

~ 5 x 107  pounds/hour  of  ll2  production 
capacity 

2 x 106  pounds 

1.2  x 10s  pounds/year 

620  pounds/year 


An  entirely  different  type  ol  electrolyzer,  prototypes  of  which  have  shown 
potential  lor  high  thermal  efficiency,  is  based  on  the  use  of  a hydrogen-ion  con- 
ducting membrane  of  perf 1 uor inated  sulphonlc  acid — the  so-called  solid  polymer  elec- 
trolyte. This  12-mil  thick  polymer  membrane  combines  the  functions  of  the  electro- 
lyte and  the  separator.  Prototype  cells  of  this  type  currently  use  noble  metal 
elect rocatal ysts  but,  for  the  reasons  discussed  above,  these  would  probably  have  to 
be  replaced  with  nonnoble  catalysts  in  the  event  of  a hydrogen  economy.  Improvements 
in  performance  could  be  obtained  by  decreasing  the  thickness  of  the  polymer  membrane; 
this  approach  is  presently  limited  by  the  difficulty  of  producing  thin,  pinhole-free 
membranes.  Kurt  her  improvements  in  performance  could  be  obtained  by  increasing  the 
operating  temperature  above  the  current  value  of  about  80°C.  At  present,  the  maximum 
operating  temperature  is  limited  by  chemical  and  mechanical  stability  of  the  membrane 
to  about  125°C.  Thus,  ior  a temperature  increase  much  above  the  present  value,  a new 
ion-conducting  membrane  material  would  have  to  be  developed. 

SUMMARY  AND  CONCLUSIONS 


The  materials  research  and  development  programs  that  we  feel  are  needed  in 
support  of  the  further  development  of  alkaline  electrolyzers  are  as  follows: 

• Development  of  improved  corrosion-resistant  materials  for  use  in  the 
anode  electrode  structure. 


196 


i ii  i-i  i im 


rr  Triil(iniw«fc*^Aii 


rrc J!V  I 


• Development  of  separator  materials  with  improved  conductivity  and 
with  temperature  capability  to  about  200°C. 

• Development  ol  inexpensive  polymeric  materials  with  temperature 
c.ipnbilitv  to  .ihonl  201)  ('  lor  use  in  cull  I rallies. 

• Development  and  1. imitation  ol  gas  diffusion  electrode  structures 
with  high  ellecttvo  electrode  areas. 

• Development  01  active,  nonnoble  electrocatalysts  lor  both  the  anode 
and  cathode. 

Research  and  development  needs  in  the  field  of  solid  polymer  electrol vzers  are 
summarized  as  follows: 

• Development  of  inexpensive  ion-conducting  mempranes  with  superio 

- Ionic  conductivity  (If  , 0 or  OH  ) 

- Temperature  capability 

- Mechanical  and  chemical  stability. 

• Development  of  active  nonnoble  electrocatalysts  for  both  the  anode 
and  cathode 


If  those  materials  challenges  can  be  successfully  met,  the  development  of  elec- 
trolyzers showing  thermal  dliciencies  ol  about  100  percent  will  become  possible  at 
current  densities  up  in  a l.idorol  5 higher  than  in  present  units.  With  this  perform- 
ance, plus  l lie  mini  i ion  in  electrolyzer  capital  costs  that  could  he  anticipated  as 
a result  ol  mass  prodin  lion,  lulure  electrolyzers  could  produce  hydrogen  costing 
little  more  per  unit  energy  than  electricity.  In  addition,  an  ecologically  sensible 
luel  system  would  be  one  step  closer  to  practical  reality. 
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Chemical  Corrosion  Inhibition  of  Steel  in  Hydrofluoric  Acid 

by 

F.  Pearlstein  and  R.  F.  Weightman 
Pitman-Dunn  Laboratory 
U.  S.  Army  Frankford  Arsenal 
Philadelphia,  Pa.  19137 

Binary  chemical  munitions  are  designed  to  produce  toxic  chemical  agents  by 
the  reaction  of  relatively  nontoxic  ingredients.  To  readily  combine  ingredients 
at  the  time  of  usage,  binary  projectile  designs  necessarily  incorpoiate  separating 
membranes.  One  of  the  reactants  employed  in  the  G-agent  binary  process  is  class- 
ified as  corrosive  and  represents  a potential  hazard  to  the  integrity  of  its 
separating  0.25  mm  thick  steel  membrane.  The  corrosive  action  is  believed  to  stem 
primarily  from  the  presence  of  small  quantities  of  hydrofluoric  acid  either  as  a 
production  impurity  or  a degradation  product. 

The  use  of  more  corrosion  resistant  membrane  materials  has  been  considered 
for  the  binary  chemical  munitions  and  321  stainless  steel  was  indicated  potentially 
suitable  (1).  Another  approach  towards  solving  the  problem  is  the  addition  of 
chemical  corrosion  inhibitors  to  the  corrosive  reactant  (CR)  for  mitigating  attack 
of  the  steel  membrane  material.  It  is  well  known  that  numerous  chemical  agents  are 
very  effective  for  Inhibiting  corrosion  of  steel  in  hydrochloric  or  sulfuric  acid 
solutions  (2-6).  Little  specific  data  has  been  published  on  corrosion  inhibition 
of  steel  in  hydrofluoric  acid  solutions  but  one  might  expect  that  the  compounds 
effective  in  the  other  acids  would  also  apply.  In  the  study  described  herein, 
selected  corrosion  inhibitors  were  added  to  hvdrofluoric  acid  solution  or  to  the 
corrosive  reactant  (CR)  and  the  effectiveness  in  reducing  corrosion  of  steel  mem- 
brane material  was  determined.  Initial  studies  were  conducted  with  hydrofluoric 
acid  solution  since  the  CR  was  not  immediately  available  and  it  was  expected  that 
results  with  the  two  liquids  would  probably  be  comparable. 


Experimental  Procedure 


All  corrosion  inhibition  tests,  unless  otherwise  specified,  were  conducted  in 
duplicate  by  immersion  of  20  cm2  (1.3  cm  x 7.7  cm  x 0.25  cm)  metal  sample  in  200  ml 
of  solutions  at  ambient  temperature  (23  ± 2"C)  in  330  ml  capacity  polyethylene 
plastic  jars  tightly  sealed  during  exposure.  Corrosion  weight  loss  measurements 
were  made  after  suitable  exposure  periods. 


Initial  tests  were  conducted  with  S.A.E.  1010  cold-rolled  steel  (binary  chem- 
ical munitions  membrane  material)  in  aqueous  0.59  N hydrofluoric  acid  solution  to 
which  was  added  1 g/1  candidate  corrosion  inhibitor,  i.e.,  gelatine  (GEL),  o-tolyl- 
thiourea  (OTTU) , benzotriazole  (BT) , quinoline  ethiodide  (QEI) , n-lauryl  pyridinium 
chloride  (NLPC) , and  oxides  of  arsenic,  antimony  and  tin.  Combinations  of  two  in- 
hibitors, each  at  0.5  g/1  concentration,  were  also  studied  for  inhibition  effec- 
tiveness. A newly  developed  proprietary  corrosion  inhibitor  useful  in  hydrofluoric 
acid  solution  for  cleaning  boiler  tubes  (7)  was  also  tested.  Limited  studies  were 
also  conducted  on  corrosion  oi  metals  such  as  321  stainless  steel,  99.53,  purity 
nickel  and  AZ31b  magnesium. 
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The  steady-state  corrosion  potential  of  steel  in  aqueous  0.59  N hydrofluoric 
ac'd  soluticn  containing  corrosion  inhibitor  was  determined  using  the  Orion  801 
lonamlyzer2  with  Orion  Ag/AgCl  reference  electrodes  #90-01  filled  with  90-00-01 
solu:ion.  The  electrodes  are  fabricated  with  plastic  outer  sleeves  that  provide 
resistance  to  attack  by  hydrofluoric  acid  and  the  electrode  potential  character- 
istics are  equivalent  to  those  of  conventional  saturated  KC1  calomel  electrodes. 

The  solutions  were  open  to  the  atmosphere  and  potential  measurements  taken  period- 
ically up  to  48  hours  exposure.  Corrosion  weight  loss  measurements  were  taken  at 
the  end  of  the  48  hour  period.  Potential  measurements  were  also  made  on  stainless 
steel,  nickel,  tin,  magnesium,  lead  and  antimony. 

Two  hundred  ml  samplgs  of  the  corrosive  reactant  (containing  1.9  mole  percent 
active  hydrogen  compounds  ) were  poured  into  polyethylene  bottles  within  a dry  box 
maintained  at  low  relative  humidity  with  phosphorus  pentoxide.  Selected  inhibitors 
were  added  at  1 g/1  concentration  and  a steel  specimen  immersed  in  each.  Nickel 
and  stainless  steel  specimens  were  also  immersed  into  uninhibited  corrosive  react- 
ant (CR)  . Four  ml  of  diisopropyi carbodiamide  (DICDI)  was  added  to  200  ml  samples 
of  CR  to  determine  the  effectiveness  of  this  acid-neutralizing  compound0  in  reduc- 
ing corrosion  of  steel.  After  30  days'  exposure,  the  jars  were  uncapped  and 
corrosion  weight  loss  measurements  made  on  the  metal  specimens. 

Results  and  Discussion 

The  results  of  corrosion  tests  on  steel  in  aqueous  0.59  N hydrofluoric  acid 
solution  containing  inhibitors  are  shown  in  Table  I.  It  is  readily  evident  that 
the  organic  Inhibitors  tested  were  all  quite  effective  for  retarding  corrosion  of 
steel  in  the  hydrofluoric  acid  solution.  Extrapolating  the  initial  corrosion  rate 
of  steel  in  uninhibited  acid  to  the  21  day  test  period,  the  inhibitor  effective- 
ness1^ achieved  by  the  organic  compounds  listed  in  Table  1 ranged  from  about  95  to 
99  percent.  Although  GEL  and  BT  were  less  effective  than  NLPC  and  QEI,  the  latter 
two  had  a greater  tendency  to  produce  edge  corrosion  or  pitting  than  the  former. 
OTTU  was  an  effective  inhibitor  and  there  was  little  tendency  for  nonuniform  attack 
on  steel.  In  most  instances,  combinations  of  organic  inhibitors  yielded  lower 
corrosion  weight  losses  than  when  either  of  the  inhibitors  was  used  alone. 

Exceptions  to  this  were  the  following  combinations:  OTTU-QEI,  QE1-GEL,  BT  GEL  and 

NLPC-BT  (at  > 21  days  exposure).  Of  the  inhibitors  tested,  only  OTTU  appeared  to 
be  Insoluble  in  the  hydrofluoric  acid  solution  at  0.5  or  1 g/1  additions.  One 
might  thus  expect  all  combinations  with  OTTU  to  be  more  effective  than  the  OTTU 
alone  since  a saturated  solution  of  OTTU  is  present  in  both  instances  and  the  addi- 
tion of  0.5  g/1  of  another  inhibitor  would  be  expected  to  enhance  effectiveness. 

The  OTTU-QEI  combination  provided  a lower  degree  of  inhibition  than  the  OTTU  alone 
and,  for  some  exposure  periods,  the  combination  was  lower  in  inhibitor  effectiveness 


a.  Orion  Research  Inc.,  Cambridge,  Mass.  02139. 

b.  Determined  from  NMR  studies,  Edgewood  Arsenal,  Edgewood,  Md. 
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(higher  corrosion  weight  losses)  than  either  alone.  The  combination  of  OTTU-bT 
provided  the  lowest  corrosion  rate  of  the  organic  additive  with  little  tendency 
for  nonuniform  attack. 

The  proprietary  corrosion  inhibitor  (M107)  was  more  effective  than  the  organic 
compounds  tested  and  corrosion  was  quite  uniform.  Although  AS2O3  in  the  acid  re- 
sulted in  a higher  degree  of  inhibition  than  the  proprietary  inhibitor,  numerous 
blisters  in  the  metal  surface  were  visible  at  7X  magnification  alter  exposures  of 
21  days  or  more.  It  is  believed  that  arsenic  increases  the  hydrogen  overvoltage 
of  the  surface  which  greatly  retards  the  hydrogen  evolution  reaction,  but  increases 
diffusion  of  atomic  hydrogen  into  the  surface.  Sub-surface  combination  of  atomic 
hydrogen  to  the  molecular  form  could  provide  the  pressure  to  account  for  blister 
formation.  It  is  interesting  to  note  that  tin  or  antimony  oxide  provided  little 
inhibitive  properties  though  tin  and  antimony  are  also  considered  metals  of  high 
hydrogen  overvoltage. 

Corrosion  weight  loss  with  time  of  various  metals  in  0.59  N hydrofluoric  acid 
solution  is  shown  in  Figure  1.  Corrosion  of  steel  is  very  rapid  as  indicated 
earlier.  The  corrosion  rate  of  stainless  steel  is  considerably  lower  than  steel 
but  is  nevertheless  substantial.  The  rate  of  nickel  corrosion  in  uninhibited  acid 
approximates  that  of  steel  in  acid  solutions  containing  the  more  effective  inhibi- 
tors tested.  However,  the  nickel  undergoes  pitting-type  corrosion.  There  was 
virtually  no  change  in  weight  of  magnesium  exposed  to  the  acid  and  the  only  visible 
change  was  the  formation  of  a very  thin  gold-colored  film.  It  should  be  noted  that 
during  the  first  few  minutes  after  immersion  of  the  magnesium  in  the  acid,  there 
was  active  hydrogen  gas  evolution  from  the  surface  indicative  of  corrosion,  but  the 
rate  of  gassing  decreased  rapidly  and  ceased  after  about  five  minutes.  While  mag- 
nesium could  be  considered  as  an  alternative  to  steel  membrane  material  on  the  basis 
of  its  corrosion  resistance,  other  factors  such  as  mechanical  properties  and  diffi- 
culties in  joining  make  such  recommendations  premature.  Magnesium  may  also  be  con- 
sidered as  a vessel  for  holding  the  corrosive  reactant  during  storage  though  long 
term  exposure  tests  would  first  be  necessary.  Antimony  was  available  only  as  rocky 
lumps,  so  the  area  exposed  to  the  hydrofluoric  acid  was  difficult  to  estimate.  The 
corrosion  rate  of  antimony  shown  in  Figure  1 is  thus  an  approximation,  but  is 
greater  than  that  of  any  of  the  other  metals  tested  except  steel. 

The  corrosion  potential  of  steel  in  hydrofluoric  acid  solutions  containing 
additive  is  shown  in  Table  II.  The  organic  compounds  were  at  a concentration  of 
1 g/1  while  the  metal  salt  overvoltage-modifiers  were  at  a metal  ion  molar  concen- 
tration equivalent  to  1 g/1  SnO.  The  corrosion  v/eight  loss  after  48  hours  is  also 
shown.  It  is  evident  from  the  data  that  a general  relationship  exists  between 
potential  and  weight  loss  since  the  more  effective  inhibitors  resulted  in  substan- 
tially higher  (less  negative)  corrosion  potentials  than  the  ineffective  ones. 

Since  all  inhibitors  shifted  the  corrosion  potential  of  steel  in  the  less  negative 
direction,  they  are  indicated  to  have  had  greater  influence  on  the  anodic  than 
cathodic  processes  (8).  The  metal  salts,  which  were  believed  to  function  by  in- 
creasing the  hydrogen  overvoltage  of  the  surface  (9),  would  have  been  expected  to 
reflect  predominant  action  on  cathodic  processes  by  shifting  the  corrosion  potential 
in  the  negative  direction  (10).  The  reverse  was  found  from  this  investigation  and 
it  must  be  concluded  that  the  metal  salts  predominantly  stifled  the  anodic  reaction. 

The  log  corrosion  weight  loss  vs  steady-state  corrosion  potential  of  steel  in 
the  acid  solution  containing  various  inhibitors  is  shown  in  Figure  2.  It  is  inter- 
esting to  note  that  the  metal  ions  produce  potentials  that  approximate  a linear 


201 


relationship  with  corrosion  weight  loss  reminiscent  of  the  Tafel  slope  for  hydrogen 
evolution.  Bockris  and  Drazic  (11)  showed  that  the  Tafel  slope  should  be  -120  mv 
per  decade  when  the  proton-discharge  is  the  rate  determining  slope  and  -30  mv  per 
decade  when  the  combination  of  adsorbed  hydrogen  atoms  is  rate  determining.  The 
experimental  slope  in  Figure  2 is  about  -45  mv  per  decade.  Further  studies  are  to 
be  conducted  in  order  to  more  clearly  elucidate  the  relationship  between  corrosion 
rate  and  corrosion  potential  of  steel  in  acid  containing  various  inhibitors. 

The  organic  compounds  tended  to  result  in  steel  corrosion  potentials  higher 
than  that  of  the  metal  salts  but  there  was  little  relationship  between  corrosion 
rate  and  potential.  The  results  in  Figure  2 show  that  OTTU  caused  the  most  pro- 
nounced shift  in  corrosion  potential  indicating  a highly  preferential  effect  on 
the  anodic  reaction.  The  results  with  the  proprietary  compound,  M107,  were  similar 
to  OTTU.  See  Table  I. 

The  corrosion  potentials  of  a number  of  metals  in  uninhibited  0.59  N hydro- 
fluoric acid  solution  after  a 48  hour  imnersion  period  are  shown  in  Figure  3. 
Corrosion  weight  loss  after  48  hours  is  also  given  in  parenthesis  in  the  figure; 
additional  corrosion  date  are  shown  in  Figure  1 and  discussed  earlier.  Antimony 
is  considerably  more  noble  than  steel  and  the  reason  for  the  inability  of  Sb203  to 
inhibit  acid  corrosion  of  steel  (Figure  2)  may  lie  in  the  adverse  galvanic  cell 
formed  when  a film  of  antimony  is  electrochemically  displaced  (immersion  deposited) 
on  the  steel.  Lead  is  more  galvanically  compatible  with  steel  than  antinony  and 
lower  corrosion  rates  resulted  from  additions  of  PbO  (Figure  2).  It  is  probably 
not  advi  able  to  attempt  protection  of  steel  with  deposits  of  metals  of  more  noble 
electrode  potential  (e.g.,  Ni,  Sb,  Pb)  since  there  would  be  danger  of  corrosive 
penetration  of  the  steel  at  sites  of  porosity  or  defects  in  the  coating. 

Tin  acquires  a slightly  more  active  corrosion  potential  than  steel  and  addition 
of  SnO  (Figure  2)  to  acid  was  relatively  ineffective  for  corrosion  inhibition  of 
steel  because  complex  tin  fluoride  ion  that  is  formed  probably  prevents  immersion 
deposition  and  thus  cannot  function  as  an  overvoltage  modifier.  The  potential  of 
tin  indicates  that  a tin  coating  on  steel  would  be  sacrif icially  protective  to  the 
basis  metal.  It  was  indeed  found  that  when  a 15  pm  thick  deposit  of  tin  was  applied 
to  steel  from  an  alkaline  stannate  bath  and  then  immersed  in  the  0.59  N hydrofluoric 
acid  solution,  corrosion  of  the  tin  deposit  ensued  at  a substantially  lower  rate 
than  does  steel  but  even  when  significant  areas  of  basis  metal  had  become  exposed, 
there  was  no  evidence  of  acid  attack  on  the  steel;  after  all  of  the  tin  had  been 
removed  by  dissolution,  rapid  attack  of  the  steel  ensued. 

The  electrode  potential  of  magnesium  was  highly  active  though  the  corrosion 
rate  was  extremely  low.  Apparently,  a thin  oxide  or  fluoride  film  is  formed  that 
essentially  prevents  acid  attack.  The  results  indicate  that  a magnesium  plated 
steel  surface  would  be  quite  effective  for  sacrif icially  protecting  steel  against 
acid  corrosion  while  the  coating  itself  would  be  resistant  to  attack.  Unfortunately 
magnesium  cannot  be  electrodeposited  from  aqueous  solution  but  may  be  plated  from 
organometallic  solution  (12),  flame  sprayed  or  deposited  by  sputtering. 

Arsenic  metal  in  bulk-form  was  unavailable  for  test  but  it  would  be  of  interest 
to  ascertain  its  electrode  potential  in  the  hydrofluoric  acid  solution.  If  arsenic 
was  found  to  provide  sacrificial  protection  to  steel,  Its  potential  value  as  a pro- 
tective coating  would  be  Indicated.  Arsenic  can  be  plated  from  aqueous  solutions 
and  studies  with  electroplated  arsenic  are  contemplated. 
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Consideration  should  also  be  given  the  fact  that  the  potential  of  steel  is 
made  considerably  more  noble  by  addition  of  OTTU  to  the  hydrofluoric  acid  solution 
and  other  metals  not  so  affected  could  then  provide  sacrificial  protection  to  steel. 
Lead  coatings,  for  example,  might  be  more  active  than  steel  in  hydrofluoric  acid 
solution  containing  OTTU  and  provide  sacrificial  protection  and  then  additionally 
might  provide  even  more  effective  corrosion  Inhibition  by  introduction  of  lead  ions 
into  the  acid. 

Corrosion  of  steel  in  the  corrosive  reactant  (CR)  was  slower  than  that  in 
aqueous  0.59  N hydrofluoric  acid  by  a factor  of  about  twelve  which  nonetheless  rep- 
resents a considerable  rate  of  attack.  Corrosion  weight  losses  of  steel  imnersed 
for  30  days  in  CR  containing  inhibitors  are  shown  in  Table  III.  None  of  the  addi- 
tives were  very  effective  for  reducing  corrosion  rates  in  CR  and  some  actually 
accelerated  dissolution.  The  proprietary  material  (M107)  was  the  most  effective  of 
the  inhibitors  but  provided  only  about  70  percent  effectiveness.  When  D1CDI  was 
added  to  the  (CR)  samples,  white  fumes  were  generated  and  the  solution  became  green 
in  color.  Although  sufficient  DICDI  had  been  added  to  theoretically  neutralize  all 
the  acid  present,  acid  attack  of  the  sceel  was  still  considerable.  The  results 
with  DICDI  and  the  chemical  corrosion  inhibitors  Indicates  that  the  corrosion  mech- 
anism in  CR  differs  from  that  in  hydrofluoric  acid  solution. 

Corrosion  of  nickel  and  stainless  steel  in  CR  is  shown  in  Table  III.  Though 
the  corrosion  weight  loss  for  nickel  was  lower  than  that  of  stainless  steel,  there 
was  a tendency  for  pitting  of  the  nickel  while  corrosion  of  the  stainless  steel  was 
relatively  uniform. 

Conclusions 

Corrosion  of  steel  in  dilute  (0.59  N)  hydrofluoric  acid  solution  is  greatly 
retarded  by  the  addition  of  small  amounts  of  AS2O3,  o-tolylthiourea  (OTTU),  benzo- 
triazole  (BT) , gelatine  (GEL),  quinoline  ethiodide  (QEI),  or  n-laurylpyridinium 
chloride  (NLPO).  However,  hydrogen  blistering  of  steel  results  from  use  of  AS2O3 
and  there  is  a tendency  for  pitting-type  corrosion  when  QEI  and  NLPC  are  used. 

The  combination  of  OTTU-BT  provides  quite  effective  inhibition  with  little  tendency 
for  pitting  corrosion;  somewhat  superior  results  were,  however,  obtained  with  a 
newly  developed  proprietary  inhibitor  (M107) , The  addition  of  inhibitor  to  acid 
results  in  an  increase  in  the  corrosion  potential  of  steel  indicative  of  predomi- 
nant inhibition  of  the  anodic  reaction;  the  highest  potentials  are  obtained  with 
OTTU  or  H107  addition.  The  corrosion  potential  of  steel  in  acid  containing  organic 
inhibitors  is  unrelated  to  degree  of  inhibitor  effectiveness  but  with  metal  salt 
addition,  the  log  corrosion  weight  loss  is  linearly  related  to  the  potential. 

Steel  is  rapidly  attacked  in  uninhibited  0.59  N hydrofluoric  acid.  The 
metals:  steel,  antimony,  321  stainless  steel,  tin,  lead,  nickel,  and  magnesium  are 

in  the  order  of  increasing  resistance  to  acid  dissolution.  Magnesium  corrosion  is 
apparent  from  active  gassing  during  the  first  few  minutes  of  exposure  to  acid  but, 
thereafter,  corrosion  of  magnesium  is  nil.  Botn  magnesium  and  tin  acquire  more 
active  steady-state  potentials  than  steel.  Electrodeposited  tin  provides  sacrifi- 
cial protection  to  steel  in  hydrofluoric  acid  solution.  Nickel,  antimony,  stain- 
less steel  and  lead  are  more  noble  in  corrosion  potential  than  steel  in  the  acid 
solution. 
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Corrosion  of  steel  in  corrosive  reactant  (CR)  is  not  as  rapid  as  in  0.59  N 
hydrofluoric  acid  but  the  inhibitors  that  are  effective  for  retarding  corrosion  in 
the  latter  solution  provide  little  or  no  inhibitive  action  in  the  former  liquid. 
The  least  corrosion  of  steel  in  (CR)  is  obtained  when  diisopropylcarbodiamide  or 
proprietary  inhibitor  M107  was  added.  Neither  nickel  nor  321  stainless  steel  can 
be  considered  resistant  to  attack  by  CR  though  both  are  substantially  more  resist- 
ant than  steel. 


References 


1.  A.  Gallaccio,  "Corrosive  Effects  of  Methyl  Phosphonic  Acid  and  HF  Solutions  on 
Thm-Sheet  1010  Steel,  321  Stainless  Steel  and  200  Nickel",  F.A.  Memorandum 
Report  M74-2-1  (1974)  January. 

2.  H.  H.  Uhlig,  "The  Corrosion  Handbook",  John  Wiley  & Sons,  Inc.,  New  York, 
pp.  910-912  (1948). 

3.  U.  R.  Evans,  "An  Introduction  to  Metallic  Corrosion",  Edward  Arnold  & Co., 
London,  pp.  144-145  (19't8) . 

4.  I.  N.  Putilova,  S.  A.  Balezin,  V.  P.  Barannik,  "Metallic  Corrosion  Inhibitors", 
Pergamon  Press,  New  York  (Translated  from  the  Russian),  pp.  76-85  (1960). 

5.  E.  S.  Snavely,  L.  H.  Williamson,  "Proc.  Nat'l  Assoc.  Corrosion  Engineers", 
Paper  No.  28,  Anaheim,  Calif.  (1973)  March. 

6.  R.  J.  Chin,  D.  Altura,  K.  Nobe,  Corrosion,  29,  185  (1973). 

7.  E.  A.  Rodziewich,  "Proc.  Nat'l  Assoc.  Corrosion  Engineers",  Paper  No.  74, 
Chicago,  111.  (1974)  March. 

8.  T.  P.  Hoar,  "Proc.  Pittsburgh  International  Conference  on  Surface  Reactions", 
p.  127,  Corrosion  Publ.  Co.,  Pittsburgh  (1948). 

9.  H.  C.  Gatos,  "Symposium  on  Corrosion  Fundamentals"  (Chapter  X),  University  of 
Tennessee  Press,  Knoxville,  Tenn. , p.  142  (1956). 

10.  T.  P.  Hoar,  Trans.  Faraday  Soc.,  45^,  683  (1949). 

11.  J.  O'M.  Bockris,  D.  M.  Drazic,  "Electro-Chemical  Science",  Barnes  & Noble 
Books,  New  York,  pp.  115-117  (1972). 

12.  A.  Brenner,  "Record  of  Chemical  Progress",  1£,  No.  4,  241  (1955). 


Table  I.  Corrosion  of  Steel  in  0.59  N HF  Solution  at  23  ± 2°C 
Containing  Chemical  Corrosion  Inhibitors. 
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Corrosion  Weight  Loss,  mg/20  cm2 


Inhibitor, 

after 

various 

exposure 

times 

1 g/1  total 

7 days 

14  days 

21  days 

28  days 

42  days 

None 

* 

disintegrated 

— 

— 

— 

— 

OTTU 

35 

72 

135 

229 

422 

QEI 

45 

86 

165 

260 

461 

NLPC 

60 

130 

222 

357 

597 

BT 

57 

185 

363 

536 

825 

GEL 

91 

191 

352 

544 

876 

OTTU  + QEI 

38 

76 

156 

335 

520 

OTTU  + NLPC 

20 

41 

93 

183 

409 

OTTU  + BT 

29 

63 

112 

198 

326 

OTTU  + GEL 

27 

54 

100 

172 

363 

QEI  + NLPC 

21 

48 

99 

183 

363 

QEI  + BT 

30 

71 

140 

229 

413 

QEI  + GEL 

43 

97 

176 

290 

605 

NLPC  + BT 

42 

85 

201 

387 

862 

NLPC  + GEL 

33 

71 

143 

283 

399 

BT  + GEL 

73 

256 

409 

579 

954 

M107 

25 

46 

79 

112 

176 

SnO 

irk 

disintegrated 

— 

— 

— 

— 

Sb203 

disintegrated*** 

— 

— 

— 

— 

As203 

20 

41 

63 

104 

— 

I 


i 


I 1 

• ! 
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*Corrosion  weight  loss  824  mg  after  two  days  exposure. 

**Corrosion  weight  loss  359  mg  after  two  days  exposure. 

***Corrosion  weight  loss  811  mg  after  two  days  exposure. 


Table  II.  Steady-state  Corrosion  Potential  of  Steel  in  0.59  N HF  Solution 
at  23  ± 2°C  Containing  Inhibitor;  Corrosion  Weight  Losses  After 
48  Hours  Immersion. 
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Corrosion  Potential  vs.  S.C.E. 
of  Steel  in  HF  Solution 
After  Various  Exposure  Times 


Corrosion 
Weight  Loss 
After  48 
Hours , 


lhibitor 

g/1 

2 hrs 

4 hrs 

7 hrs 

24  hrs 

48  hrs 

mg 

OTTU 

1.0 

-445 

-450 

-447 

-439 

-426 

15 

QEI 

1.0 

-502 

-506 

-506 

-496 

-498 

16 

NLPC 

1.0 

-504 

-509 

-511 

-501 

-499 

18 

BT 

1.0 

-494 

-495 

-496 

-492 

-488 

12 

GEL 

1.0 

-524 

-516 

-515 

-560 

-507 

17 

Sb203 

1.1 

-562 

-572 

-582 

-589 

-591 

762 

SnO 

1.0 

-555 

-555 

-559 

-566 

-586 

359 

PbO 

1.7 

-548 

-551 

-555 

-562 

-571 

190 

AS2O3 

0.73 

-481 

-504 

-503 

-523 

-517 

13 

Hg20 

1.6 

-534 

-556 

-560 

-585 

-594 

642 

None 

— 

-577 

-579 

-583 

-589 

-588 

824 

M107 

1.0 

— 

— 

— 

-436 

-418 

16 

Table  III.  Corrosion  of  Steel  After  30  Days  in  Corrosive  Reactant  (CR)  at  23  ± 2°C 
Containing  Various  Inhibitors;  Corrosion  of  Steel,  Stainless  Steel  and 
Nickel  in  (CR) 


Metal 

Inhibitor 

Inhibitor 

Concentration 

Corrosion  Weight  Loss 
mg/ 20cm2/ 30  days 

Steel 

OTTU 

1 g/1 

1036 

Steel 

NLPC 

1 g/1 

737 

Steel 

BT 

1 g/1 

1076 

Steel 

OTTU-NLPC 

0.5  g/1  each 

1073 

Steel 

OTTU-BT 

0.5  g/1  each 

1269 

Steel 

NLPC-BT 

0.5  g/1  each 

931 

Steel 

As203 

1 g/1 

635 

Steel 

Proprietary  M107 

1 g/1 

330 

Steel 

DICDI 

20  ml/1 

300 

Steel 

None 

— 

1043 

Nickel 

None 

— 

189 

Stainless  Steel 

None 

— 

312 

i 

\ 
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Figure  3.  Potential  of  Various  Metals  After  48  Hours 
in  0.59  N HF  Solution  at  23  ± 2°C. 
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ABSTRACT 


The  cole  of  carbon  dioxide  In  the  corrosion  of  99.999  percent  mag- 
nesium and  AZ31B  and  HK31A  magnesium  alloys  was  investigated  in  dis- 
tilled water,  and  in  0.1,  1.0  and  3.0  percent  sodium  chloride  solu- 
tions. Solution  volume  influences  with  and  in  the  absence  of  dissolv- 
ed carbon  dioxide  also  were  examined. 

It  was  found  that  carbon  dioxide  increases  the  corrosion  rate  of 
magnesium  and  the  magnesium  alloys  in  distilled  water.  The  effect  of 
carbon  dioxide  on  corrosion  in  the  sodium  chloride  solutions  varies 
with  the  alloy  and  the  sodium  chloride  concentration;  in  each  case 
the  carbon  dioxide  Influence  diminishes  with  increasing  salt  concen- 
tration. 

With  pure  magnesium  and  HK31A  alloy,  a larger  volume  of  solution 
was  found  to  have  a marked  positive  effect  on  corrosion,  whereas  with 
AZ31  alloy,  the  effect  was  less  marked. 
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INTRODUCTION 


There  Is  little  data  in  the  literature  on  the  effect  of  atmospheric 
carbon  dioxide,  in  equilibrium  with  distilled  water  or  with  sodium  ch- 
loride solutions,  on  the  corrosion  of  pure  magnesium  and  magnesium  al- 
loys. Godard,  et  al,1  states  that  in  static  experiments  covering  14 
days,  the  corrosion  rate  of  magnesium  metal  (99.95  percent  purity)  im- 
mersed in  open  containers  was  1.2  to  12  mils  per  year,  depending  on  the 
ratio  of  the  air-solution  interface  to  the  area  of  the  specimen.  When 
carbon  dioxide  of  the  atmosphere  was  excluded  by  an  Ascarite  trap,  the 
corrosion  rate  was  0.6  mpy. 

Further,  there  is  no  information  in  the  literature  on  the  effect  of 
different  volumes  of  solution  containing  dissolved  carbon  dioxide,  in 
equilibrium  with  the  atmosphere,  on  the  corrosion  of  magnesium  or  mag- 
nesium alloys.  Emley2  reported  an  increase  in  the  corrosion  of  magnesium 
with  Increase  in  volume  of  pure  water,  but  made  no  mention  of  carbon 
dioxide  effects. 

This  report  furnishes  data  concerning  the  role  of  carbon  dioxide  on 
the  corrosion  of  pure  magnesium  and  two  commercial  magnesium  alloys  in 
distilled  water  and  sodium  chloride  solutions.  The  effects  of  different 
volumes  of  distilled  water  also  are  presented. 


EXPERIMENTAL 


Three  magnesium  metals,  rolled  sheets,  0.1  cm  thick,  were  included 
in  the  study:  1)  pure  magnesium  99.999  percent,  tripley  distilled,  sup- 

plied by  Dow  Chemical  Company  from  a supply  of  experimental  stock; 

2)  HK31A  alloy  (2.91  percent  thorium,  .68  percent  zirconium);  3)  AZ31A 
alloy  (3.03  percent  aluminum,  1.25  percent  zinc).  The  HK31A  and 'AZ31B 
were  commercially  produced  stock  and  rectangular  specimens  (2.6  x 3.8  cm) 
were  cut  from  the  sheets  using  a power  shears. 

Four  solutions  were  used;  distilled  water,  and  0.1,  1.0,  3.0  percent 
sodium  chloride  solutions. 

The  source  of  air  for  the  experiments  was  from  a central  compressed 
air  source  via  a service  line  to  the  laboratory.  The  carbon  dioxide  con- 
tent of  the  line  air  was  analyzed  using  a Precision  Wet  Test  Meter,  and 
found  to  be  0.033  percent  by  volume  (0.046  percent  by  weight).  This  is 
in  close  agreement  with  values  given  in  the  literature.3  During  the  ex- 
periments, the  line  air  was  passed  through  a glass-wool  packed  column  to 
remove  particulate  matter.  For  experiments  requiring  carbon  dioxide, 
the  line  air  was  regulated  by  needle  valve  to  a flow  of  112  ml/min,  and 
led  into  the  test  solution.  Tygon  tubing  was  used  to  carry  the  air  from 
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the  valve  to  polyethylene  tubing  extending  into  the  test  solution.  Agi- 
tation of  the  solutions  was  adequately  accomplished  by  the  bubbling  air.  I 

Solutions  of  all  experiments  were  so  agitated  to  help  minimize  scatter 

in  results.  Earlier  investigations  indicated  that  "still"  solutions  1 

yielded  results  of  wide  scatter.4  For  experiments  performed  with  air  < 

devoid  of  carbon  dioxide,  the  line  air  was  passed  through  a 13  cm  col- 
umn packed  with  Ascarice  (sodium  hydroxide-asbestos  granules).  I 

The  containers  in  which  the  tests  were  run  were  heavy-walled,  poly-  ! 

propylene  beakers  with  tapered  closures,  that  are  friction  secured  by  1 

pressing  into  the  beaker  mouth.  A rubber  stopper,  with  appropriate  holes 
through  it  to  communicate  with  similar  holes  through  the  plastic  cover, 
was  used  to  support  the  air  inlet  and  exhaust  tubes,  was  fitted  into 
each  closure.  Two  sizes  of  containers  were  used,  one  for  the  smaller 
volume  (300  ml)  test,  and  a larger  sTze  for  the  greater  volume  (1200  ml). 

The  metal  specimens  were  first  washed  with  dichloromethane  to  remove 
oily  soil.  A 0.1397  cm  diameter  hole  was  drilled  at  one  end  of  each 
specimen  to  receive  the  dacron  thread  by  which  the  specimens  would  be 
suspended  during  the  tests.  These  were  then  manually  cleaned  with  water- 
wet  Scotch-Brite  scouring  pads  containing  a very  fine  abrasive  (aluminum 
oxide  in  open-mat  plastic  fibers).  This  was  followed  by  usual  metal 
cleaning  operations,  namely,  cleaning  in  hot  alkaline  solution  (15  min- 
utes), dipping  into  two  percent  chromic  acid  solution  (one  minute,  85°C) , 
dipping  (one  second)  into  a nitric  acid  sulfuric  acid  solution  (80  ml 

70  percent  HN03,  20  ml  98  percent  H2SO4/IH2O)  to  finish  with  a bright  | 

surface.5  The  specimens  were  well  rinsed  with  water  at  each  step,  and 
after  the  bright  dip  were  rinsed  with  distilled  water,  then  with  "dry" 
acetone.  After  thorough  drying  in  the  atmosphere,  and  conditioning  in 
a desiccator,  the  specimens  were  weighed  to  0.1  mg  and  stored  in  a des- 
iccator, over  Drierite,  in  readiness  for  testing. 

Tests  conducted  in  distilled  water  comprised  two  groups,  one  involv- 
ing a 300  ml  volume,  the  other  a 1200  ml  volume.  The  ratio  of  liquid 
volume  to  metal  surface  area  for  the  smaller  volume  was  15,  for  the 
larger  volume,  60.  All  experiments  conducted  in  salt  solutions  were 
with  300  ml  volume  only. 

The  exposure  intervals  were  6,  18,  40,  and  66  hours.  s 

Each  test  involved  four  replicates,  for  each  metal,  each  solution,  j 

each  air,  each  volume,  and  each  exposure  period.  Each  replicate  was 
new  and  was  immersed  in  a fresh  solution. 

After  a set  of  tests  was  completed,  the  specimens  were  rinsed  with 
distilled  water,  dried  with  acetone,  conditioned  in  a desiccator  con- 
taining Drierite  for  15  minutes  and  reweighed.  Each  specimen  was  then 
individually  placed  for  90  seconds  in  100  ml  of  boiling  15  percent 
chromic  acid  solution  contained  in  a 150  ml  beaker.  In  determinations 
in  which  sodium  chloride  was  used  as  the  test  solution,  one  percent  sil- 
ver chromate  was  added  to  the  chromic  acid  solution  as  a scavenger  for 
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residual  chloride  anions.  One  100  nl  portion  of  the  chromic  acid  was 
used  for  eight  specimens  and  the  solution  then  discarded.  The  specimen 
was  washed  thoroughly  with  distilled  water,  rinsed  with  acetone,  dried 
at  room  temperature,  conditioned  in  a desiccator,  and  weighed  again. 

All  solutions  for  the  300  ml  volume  tests  were  prepared  using  water 
"as  distilled"  and  not  sparged  with  carbon  dioxide-free  air.  The  water 
"as  distilled"  contained  approximately  1.6  mg  CO2/I.  In  using  the  300ml 
of  distilled  water  the  removal  of  carbon  dioxide  in  the  starting  sol- 
ution was  found  to  make  no  difference  in  the  result  if  carbon  dioxide 
containing  air  was  subsequently  passed  into  the  liquid.  If  air  devoid 
of  carbon  dioxide  was  passed  into  the  same  starting  solution  a very 
slight  depression  of  weight  loss  occurs  and  based  on  initial  tests 
these  values  were  calculated  and  are  listed  for  comparison  purposes  in 
Table  VIII. 

The  experiments  with  1200  ml  of  distilled  water  were  in  two  groups, 
one  with  the  water  at  the  start  containing  carbon  dioxide  at  approximately 
1.6  mg  CO2/I,  the  other  free  of  carbon  dioxide.  The  water  free  of  car- 
bon dioxide  was  prepared  by  continuously  sparging  distilled  water  with 
oil  pumped  nitrogen  for  at  least  two  days. 


After  transferring  nitrogen  sparged  wa.er  into  the  test  cell,  further 
bubbling  of  nitrogen  through  the  water  in  the  container  was  continued  for 
18  hours  additional.  Following  this  conditioning  step,  tests  w*re  per- 
formed, one  group  receiving  carbon  dioxide  free  air,  the  other  group, 
line  air  containing  carbon  dioxide. 


RESULTS  AND  DISCUSSION 


The  weight  loss/area  obtained  with  specimens  of  the  three  metals  in 
300  ml  volumes  of  distilled  water  or  salt  solutions  are  listed  in  Tables 
I,  II,  and  III. 

From  Table  I it  is  seen  that  the  weight  losses  in  distilled  water 
for  pure  magnesium,  AZ31B,  and  HK31A  alloys  show  approximately  an 
eight-fold  increase  when  air  with  carbon  dioxide  is  passed  through  the 
water,  as  compared  to  when  air  free  of  carbon  dioxide  is  used.  In  the 
sodium  chloride  solutions  sparged  with  air  containing  carbon  dioxide, 
pure  magnesium  yields  a slightly  higher  weight  loss  at  66  hours,  com- 
pared to  when  air  free  of  carbon  dioxide  is  used.  In  the  sodium  chlo- 
ride solutions  sparged  with  air  containing  carbon  dioxide,  pure  mag- 
nesium yields  a slightly  higher  weight  loss  at  66  hours,  compared  to 
that  in  distilled  water  (ca.  165  mg/dm2,  dist.  H2O  vs.  ca.  208  mg/dm2, 

3 X NaCl  soln.).  However,  when  carbon  dioxide-free  air  is  passed 
through,  weight  loss  increases  with  salt  concentration,  compared  to 
distilled  water,  and  in  the  3 percent  salt  solution  is  twice  as  much 
(ca.  18  mg/dm2,  dist.  H2O  vs.  ca.  39  mg/dm2,  3%  NaCl  soln.). 
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Weight  Loss  of  Pure  Magnesium  Specimens  in  Solution0  and  Sparged  With  Air 
Either  Containing  Carbon  Dioxide  or  Devoid  of  Carbon  Dioxide 


1 

! 

On  the  whole,  a similar  situation  Is  observed  for  HK31  alloy  (Ta- 
ble II),  although  throughout,  the  corrosion  of  this  alloy  Is  somewhat 
greater  than  pure  magnesium  under  like  conditions.  However,  the  effect 
of  salt  concentration  Is  more  pronounced  with  HK31  alloy.  In  dis- 
tilled water  and  In  the  absence  of  carbon  dioxide,  corrosion  is  least. 

In  the  salt  solutions  weight  loss  increases  progressively,  reaching, 
at  66  hours  in  3 percent  sodium  chloride  solution,  about  2%  times  the 
loss  in  distilled  water  (ca.  24.7  mg/dm2  vs.  68.5  mg/dm2).  Compari- 
sons of  test  results  with  air  containing  carbon  dioxide  show  the  ef- 
fects of  carbon  dioxide  in  accelerating  corrosion  of  HK31  alloy  in 
distilled  water  and  in  the  salt  solutions,  also  the  enhancement  of  cor- 
rosion with  increase  in  salt  concentration. 

Table  III  reveals  somewhat  different  effects  on  the  AZ31  alloy. 

These  include  a noticeably  stronger  influence  of  the  presence  of  salt 
and  the  concentration  of  the  salt  solution  in  promoting  corrosion.  Fur- 
ther, it  is  evident  that  while  carbon  dioxide  in  solution  promotes  cor- 
rosion in  distilled  water,  it  diminishes  corrosion  attributable  to  the 
presence  and  concentration  of  the  salt  electrolyte.  Weight  lose  in  3 
percent  salt  solution  after  66  hours  in  the  absence  of  carbon  dioxide 
is  ca.  57  times  that  in  distilled  water;  and  in  the  presence  of  carbon 
dioxide,  ca.  three  times.  Smaller  differences  prevail  for  the  0.1  and 
1.0  percent  salt  solutions  with  and  without  dissolved  carbon  dioxide. 

In  distilled  water  devoid  of  carbon  dioxide,  each  metal  exhibits  a 
substantial  retardation  of  corrosion  with  extended  exposure  time;  where- 
as with  carbon  dioxide  in  solution,  only  a slight  diminution  occurs. 

Pure  magnesium  and  HK31  alloy  are  similar  in  their  general  behavior,  but 
weight  loss  data  differ  in  magnitude.  The  AZ31  alloy  on  the  whole  is 
indicated  less  corrcdable  in  distilled  water,  either  in  the  absence  or 
in  the  presence  of  carbon  dioxide  than  pure  magnesium  or  HK31  alloy. 

But,  in  the  salt  solutions,  with  or  without  carbon  dioxide  present  AZ31 
alloy  is  generally  more  susceptible  to  dissolution. 


Air  - 

Metal  and 

Solution,  NaCl 

W or  W/0 

Comparative 

Cone.  (Wt.  7.) 

CO  2 

Corrosion  (rate) 

0 

W/0 

HK31  > Mg  > AZ31 

0 

W 

HK31  > Mg  > AZ31 

0.1 

W/0 

AZ31  > HK31  > Mg 

0.1 

w 

HK31  > Mg  > AZ31 

1.0 

W/0 

AZ31  > HK31  > Mg 

1.0 

w 

AZ31  > HK31  > Mg 

3.0 

W/0 

AZ31  > HK31  > Mg 

3.0 

w 

AZ31  > HK31  > Mg 

Weight  Loss  of  Magnesium  Alloy  HK31A  Specimens3  in  Solution  and  Sparged  With  Air 
Either  Containing  Carbon  Dioxide  or  Devoid  of  Carbon  Dioxide 
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Average  of  four  determinations 

Starting  solution  "as  distilled"  carbon  dioxide  content  approximately  1.60  mg/1 


TABLE  III 


The  normal  hydroxide  film  which  develops  on  the  metal  surfaces  in 
distilled  water,  or  in  dilute  (o.l%)  sodium  chloride  solution2’6,  acts 
to  diminish,  with  time,  dissolution  of  pure  magnesium  or  the  alloys. 

This  condition  unquestionably  is  modified  or  altered  when  carbon  dioxide 
is  available  to  act  on  the  film,  to  form  carbonates  of  the  metals  in- 
volved, which  are  more  soluble  than  the  respective  hydroxides.  In  the 
presence  of  chlorides,  the  chloride  ion  penetrates  and  sufficiently  dam- 
ages the  hydroxide  film  to  promote  corrosion7’8.  Bothwell1  states  that 
in  the  presence  of  chloride  ion,  magnesium  hydroxide  film  is  rendered 
porous,  resulting  in  promotion  of  corrosion. 

Differences  in  corrosion  among  the  three  metals  may  be  related  to 
the  alloying  constituents,  the  contribution  of  the  constituents  in  pro- 
viding films  of  different  solubilities,  in  test  media,  and  the  action  of 
the  chloride  ion  on  the  films  produced.  For  example,  solubilities  of 
hydroxides  and  carbonates  of  magnesium  and  the  principal  alloying  con- 
stituents of  the  AZ31  and  HK31  alloys  are  as  follows: 


Solubility,  Cold  H^O,  ppH 

Metal 

Hydroxide 

Carbonate 

Mg. 

3 Mg  C03. 
0.009  Mg  (OH)2. 
3 H20 

} 0.04 

Al. 

0.0001 

_ * 

Th. 

1.2  x 10‘13 

_ * 

Zn. 

0.0005 

0.001 

Zr.  02C02. 
0.02  3 H20 

} - * 

* Not  available 

From  the  solubility  data,  it  would  appear  that  the  corrodability  of 
the  metals  in  distilled  water  with  or  without  carbon  dioxide  should  fol- 
low the  order:  AZ31B  alloy  < pure  magnesium  < HK31A  alloy.  This  is  the 
order  derived  from  the  experimental  data.  But  in  the  salt  solutions, 
the  effect  of  the  chloride  ion  in  reducing  the  effectiveness  of  the  film 
formed  on  the  metal  surfaces  and  in  each  case  resulting  in  the  promotion 
of  corrosion,  is  manifested.  The  combined  effects  on  the  corrosion  of 
the  metals  contributed  to  by  the  specific  film  susceptibility  to  salt  sol- 
ution and  carbon  dioxide  conditions  involved  are  not  known.  Yet,  the  rel- 
ative order  of  attack  on  the  metals  has  been  demonstrated  by  the  weight 
loss  data. 

The  alloys  are  more  attacked  than  is  pure  magnesium,  whether  or  not 
the  solutions  are  free  of  carbon  dioxide,  with  the  exception  of  the  0.1 
percent  sodium  chloride  solution  containing  carbon  dioxide.  In  this  case, 
HK31  is  more  susceptible  and  AZ31  less  susceptible  than  pure  magnesium. 

The  greater  activity  of  the  alloys  is  attributed  to  impurities8’18,  e.g., 
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in  HK31  (%  Weight):  Cu  0.01,  Mn  0.05,  Ni  0.005,  Fe  0.005;  in  AZ31:  Cu 

0.01,  Mn  0.48,  Ni  0.005,  Fe  0.005  and  in  addition  AZ31B  also  contains 
0.04  percent  calcium.  Marked  retardation  of  attack  of  the  AZ31  alloy 
in  the  presence  of  carbon  dioxide,  suggests  a combined  effect  of  resist- 
ance of  the  carbonate  film  to  chloride  ion  and  solubility. 

Corrosion  potentials  were  measured  for  each  metal  in  three  percent 
sodium  chloride  solution  saturated  with  air  containing  carbon  dioxide  or 
with  air  free  of  carbon  dioxide.  The  potentials,  vs.  S.C.E.  were: 

Pure  Magnesium  AZ31B  HK31A 

Air  no  C02  -1.68  -1.60  -1.80 

Air  with  C02  -1.87  -1.56  “1.81 

Carbon  dioxide  influence  on  the  corrosion  potential  of  pure  magne- 
sium is  evident  from  the  higher  negative  potential,  and  is  in  line  with 
the  greater  tendency  of  pure  magnesium  to  corrode  in  salt  solutions  con- 
taining carbon  dioxide.  It  is  noteworthy  that  whether  or  not  carbon  di- 
oxide is  present,  the  corrosion  potentials  are  the  same  in  each  case  for 
HK31  and  essentially  similar  for  AZ31.  Yet  from  the  weight  loss  measure- 
ments in  three  percent  sodium  chloride  solution,  attack  of  HK31  is  greater 
when  carbon  dioxide  is  present.  Under  the  same  conditions,  attack  of  AZ31 
is  reduced.  Two  principal  anomalies  are  aoparent.  First,  there  is  non- 
agreement between  the  significance  of  corrosion  potentials  obtained  for 
HK31  or  for  AZ31  and  the  corrosion  performance  of  each  alloy  in  salt  sol- 
utions either  containing  carbon  dioxide  or  free  of  it.  Second,  AZ31  dem- 
onstrates the  least  active  potential,  yet  is  overall  more  reactive  in  each 
condition.  As  was  mentioned  above,  metallic  alloying  constituents,  cor- 
rosion film  composition  and  morphology,  and  chloride  ion  influence  on  the 
transfer  characteristics  of  the  film  contributes  in  modifying  the  cor- 
rosion behavior  of  the  magnesium  metals. 

Corrosion  rate  data  for  each  of  the  metals  are  listed  in  Tables  IV, 
V,  and  VI.  Ratios  of  weight  loss/area  (mg/dm2)  for  each  metal  in  the 
different  solutions,  with  or  without  carbon  dioxide,  are  given  in  Table 
VII,  and  plotted  in  Figures  1 and  2.  A ratio  greater  than  one  indicates 
that  carbon  dioxide  promotes  corrosion;  whereas  a ratio  less  than  one 
signifies  a suppression  of  corrosion  by  carbon  dioxide.  The  larger  the 
ratio,  the  more  is  the  effect  of  carbon  dioxide.  Table  VII  includes  the 
interactions  of  all  the  parameters  examined  in  the  experiments  - the 
significance  of  carbon  dioxide,  salt  concentration,  and  exposure  time. 

The  Influence  of  alloy  composition  also  may  be  inferred  from  the  data. 

Comparison  data  of  weight  loss/area  (mg/dm2)  of  the  three  metals  in 
300  ml  and  1200  ml  of  distilled  water,  with  and  without  carbon  dioxide, 
are  shown  in  Table  VIII;  corrosion  ratios  for  the  larger  volume  (1200  ml) 
are  given  in  Table  IX;  and  comparative  weight  loss/area  ratio  in  300  ml 
and  1200  ml,  with  and  without  carbon  dioxide  are  presented  in  Table  X. 
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p 1. 

n Rate  of  HK31A  Alloy  Specimens  In  Solution  and  Sparged  With  Air 
Either  Containing  Carbon  Dioxide  or  Devoid  of  Carbon  Dioxide 


Average  of  four  determinations 

Starting  solution  "as  distilled"  carbon  dioxide  content  approximately  1.60  mg/1 


n Rate  of  Pure  Magnesium  Specimens3  in  Solution6  and  Sparged  With  Air 
Either  Containing  Carbon  Dioxide  or  Devoid  of  Carbon  Dioxide 


Ratio  of  Corrosion  From  Presence  and  Absence  of  Carbon  Dioxide  Data  For  Pure  Magnesium 
HK31A  and  AZ31B  Magnesium  Alloys  in  Distilled  Water  and  Sodium  Chloride  Solutions 
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RATIO* 


NoCL  CONC.,  PERCENT 

Figure  1.  Ratio  of  Corrosion'3  from  Presence  and  Absence  of  Carbon 

Dioxide  Data  for  Pure  Magnesium,  HK31A  and  AZ31B  Magnesium 
Alloys  in  Distilled  Water  and  Sodium  Chloride  Solutions 
(300  ml). 
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TIME,  HOURS 


Figure  2.  Percent  Change  (Weight  Loss)  of  Pure  Magnesium  and  HK31A  and 
AZ31B  Magnesium  Alloyc  Sparged  with  Air  Devoid  of  Carbon 
Dioxide.  300  ml/1200  ml. 


Weight  Loss/Area  (mg/dm2)  of  Metal  Specimens 
Submerged  at  Various  Time  Intervals  in  Distilled  Water,  300  ml/1200  ml 
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Corrosion  of  the  three  metals  increases  in  the  larger  volume  of  dis- 
tilled water  free  of  carbon  dioxide.  The  volume  effect  is  least  with 
AZ31  alloy.  With  the  larger  volume  of  distilled  water  with  carbon  di- 
oxide, a marked  increase  in  corrosion  occurs,  again  with  least  effect  on 
AZ31  alloy.  Corrosion  of  AZ31  alloy  is  only  mildly  affected  in  the  lar- 
ger volume  of  water  with  carbon  dioxide. 


The  ratios  of  corrosion  of  the  three  metals  in  the  different  volumes 
of  distilled  water  with  and  without  carbon  dioxide  for  the  exposure  pe- 
riods involved  are  given  in  Table  X.  Table  XI  shows  the  percent  change 
in  weight  loss  which  occurs  as  a result  of  going  from  300  ml  to  1200  ml 
of  distilled  water,  with  and  without  the  addition  of  carbon  dioxide. 

Pure  magnesium  and  HK31A  are  more  significantly  affected  compared  to 
AZ31B  which  is  only  mildly  affected.  For  the  pure  magnesium  and  HK31A 
in  the  solution  with  carbon  dioxide  the  percent  increase  in  the  larger 
volume  is  only  20  percent  of  that  of  the  carbon  dioxide  free  water. 

Changes  in  the  same  direction  are  noted  with  AZ31B  magnesium  alloy,  but 
the  differences  are  much  smaller.  The  AZ31B  magnesium  alloy  shows  vir- 
tually no  change  at  six  hours  with  increased  volume.  This  is  probably 
due  to  the  initial  protection  of  hydroxide  film  which  tends  to  mask  the 
effects  which  might  be  attributed  to  the  larger  volume  of  distilled  water. 
Figures  2 and  3 are  plots  of  these  results.  Figure  3 shows  that  the 
presence  of  carbon  dioxide  overshadows  the  volume  effect  and  only  small 
Increases  in  volume  effects  are  seen  especially  at  the  longer  time  pe- 
riods. 


The  findings  are  summarized: 


Mg  Alloy 
Pure  Magnesium 


Air 

W or  W/0 
C02 


Solution  and  Relative  Order 
of  Corrosion 


300  ml 


1200  ml 


W/0 

W 


3%  > 1%  > 0.1%  > DW  < DW 

A A A A A 

3%  > 1%  > 0.1%  > DW  < DW 


AZ31B 


W/0 

W 


3%  > 1%  > 0.1%  > DW  < DW 

V V V A A 

3%  > 1%  > 0.1%  > DW  < DW 


HK31A 


W/0 

W 


3%  > 1%  > 0.1%  > DW  < DW 

A A A A A 

3%  > 1%  > 0.1%  > DW  < DW 
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WEIGHT  CHANGE,  PERCENT 


0 20  40  60  80 

TIME,  HOURS 

Figure  3.  Percent  Change  (Weight  Loss)  of  Pure  Magnesium  and  HK31A  .iru, 
AZ31B  Magnesium  Alloys  Sparged  with  Air  Containing  Carbon 
Dioxide,  300  ml/1200  ml. 
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TABLE  XI 


CONCLUSIONS 


1.  Atmospheric  carbon  dioxide  in  distilled  water  in  equilibrium  with 
the  air  accelerates  the  corrosion  of  pure  magnesium,  AZ31B  and 
HK31A  magnesium  alloy.  The  degree  of  corrosion  is  more  drastic  as 
the  volume  of  distilled  water  is  increased  (300  - 1200  ml)  for 
pure  magnesium  and  HK31A  magnesium  alloys. 

L 

2.  The  effect  of  carbon  dioxide  in  a small  volume  (300  ml)  on  the  cor- 
rosion process  shows  the  following: 

a.  Reduces  corrosion  ratio  by  approximately  50  percent  for  pure 
magnesium  and  HK31A  magnesium  alloy  as  the  sodium  chloride  con- 
centration is  increased  to  three  percent. 

b.  An  Increase  in  corrosion  ratio  with  lengthening  exposure  time 
for  pure  magnesium  and  HK31A  magnesium  alloy. 

c.  Shows  a significant  change,  and  actually  retards  the  corrosion 
of  AZ31B  in  sodium  chloride  solutions.  Also  diminishes  the 
corrosion  ratio  of  AZ31B  magnesium  alloy  with  increasing  sodium 
chloride  concentration  from  0.1  to  3.0  percent  and  further  di- 
minishes with  prolonged  exposure. 

d.  The  compositions  of  magnesium  alloy  affects  whether  carbon  di- 
oxide suppresses  or  increases  the  corrosion  process  in  sodium 
chloride  solution. 


3.  Influences  on  corrosion  attributable  to  different  volumes  of  dis- 
tilled water,  300  ml/1200  ml,  are  as  follows: 


a.  Corrosion  rate  increases  by  ca.  100  percent  for  pure  magnesium 
and  HK31A  magnesium  alloy  with  air  devoid  of  carbon  dioxide. 
When  air  containing  carbon  dioxide  is  passed  into  the  solution 
the  corrosion  is  increased  approximated  by  an  additional  20 
percent. 

b.  AZ31B  magnesium  alloy  is  less  affected  (20  percent)  in  solution 
receiving  air  without  carbon  dioxide  and  only  a nine  percent 
increase  in  carbon  dioxide  containing  air. 


c.  The  larger  volume  (1200  ml)  causes  a significant  reduction  in 
the  corrosion  ratio  of  pure  magnesium  and  HK31A  magnesium  alloy 
while  little  change  is  seen  with  AZ31B. 
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ABSTRACT 

Studies  are  reported  on  the  electrochemical  behavior  of  highly 
textured  Ti-4A1  and  Ti-4A1-4V  alloys.  Specimens  were  fabricated  to 
expose  surfaces  having  preferential  basal  or  prism  orientation.  Potential 
sweep  anodic  polarization  experiments  were  carried  out  to  determine  the 
effects  of  specimen  orientation,  hence  texture,  on  the  dissolution  charac- 
teristics of  the  alloys.  The  environments  were  sulfuric  and  hydrochloric 
acid  solutions.  After  polarization,  the  specimen  surfaces  were  examined 
by  scanning  electron  microscopy  and  the  findings  correlated  with  the 
electrochemical  data. 
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INTRODUCTION 


Most  of  the  reported  work  on  the  anisotropic  behavior  of  titanium 
has  focused  on  mechanical  behavior.  It  has  been  shown  that  significant 
improvement  in  the  strength  of  biaxial ly  stressed  components  can  be 
realized  through  the  use  of  controlled  texture  (detailed  crystallographic 
structure)  titanium1.  Until  quite  recently,  little  work  has  been  done  on 
the  effect  of  texture  on  corrosion  and  stress  corrosion  cracking  of 
titanium  alloys.  However,  recently  Fraker  and  Ruff  at  NBS  and  Creen  at 
Martin  Marietta,  utilizing  titanium  single  crystals,  have  shown  a marked 

2 3 4 

difference  in  the  electrochemical  behavior  of  the  various  crystal  surfaces  ' ’ 
These  results  suggest  the  possibility  of  utilizing  texture  controlled  a 
titanium  alloys  to  achieve  enhanced  corrosion  resistance  combined  with 
improved  strength  characteristics.  It  is  the  purpose  of  this  work  to 
extend  the  single  crystal  work  to  polycrystalline  alloys. 

MATF.RIAL 

The  two  materials  tested  were  a 0.25  in.  thick  Ti-4A1  sheet  and  a 0.5  in. 
thick  Ti-4A1-4V  plate;  the  chemistries  of  which  are  given  in  Table  I. 

Mechanical  property  data  on  the  Ti-4A1-4V  alloy  is  given  in  Table  II. 

Note  the  effect  of  the  preferred  orientation  on  the  transverse  versus 
longitudinal  properties.  No  mechanical  property  data  was  available  on 
the  Ti-4A1  material.  The  Ti-4A1-4V  alloy  has  an  a + \Q%  6 phase  compo- 
sition and,  although  its  thermomechanical  history  is  unknown,  the  texture 
present  and  the  microstructure  indicate  that  this  alloy  was  hot  rolled 
low  in  the  a-g  field.  The  Ti-4A1  alloy  has  an  all  a equiaxed  grain 
structure  with  the  final  heat  treatment  for  this  material  consisting  of 
a twenty  hour  solution  treat  at  1625°F  and  water  quenched. 
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The  pole  figures  shown  in  Figure  1 indicate  both  materials  to  be 
strongly  textured  with  respect  to  basal  plane  orientation.  In  the  case 
of  the  Ti-4A1  alloy,  the  basal  planes  are  sharply  aligned  in  the  plane  of 
the  sheet  with  random  orientation  of  the  prism  planes  about  the  c axis. 

In  the  case  of  the  Ti-4A1-4V  alloy,  the  basal  planes  are  parallel  to  the 
rolling  direction  with  the  (1010)  prism  planes  parallel  to  the  transverse 
direction  and  the  (1120)  prism  planes  parallel  to  the  plane  of  the  sheet. 

The  procedure  and  equipment  utilized  in  obtaining  the  pole  figures  in 
Figure  1 have  been  described  elsewhere^ 

PROCFDURi: 

The  polarization  specimens  used  were  in  the  form  of  cubes  cut  from 
the  plate  and  sheet  stock  (see  Figure  1)  to  expose  the  desired  crystalline 
planes  having  approximately  i sq  cm  surface  area.  One  face  of  each  cube 
was  drilled  and  tapped  for  attaching  the  specimen  to  the  electrode  holder. 

The  face  to  be  studied  was  metalographical ly  polished  with  all  other  faces 
being  coated  with  a non  conductive  coating  prior  to  testing. 

7 

The  polarization  cell  was  basically  that  described  by  Green  but  modified 
to  use  only  one  counter  electrode  positioned  opposite  to  the  specimen  face 
to  be  tested.  A heating  mantel  was  used  to  regulate  the  temperature  of 
the  environment  ± 2°C.  Potential  sweep  anodic  polarization  measurements 
were  made  utilizing  a Wenking  potentiostat  in  conjunction  with  a moto- 
potentiometer  and  x-y  recorder  to  automatically  record  the  current  versus 
potential  data.  The  potential  was  changed  at  a constant  rate  of  5,000  mv/hr 
and  all  potential  measurements  were  made  versus  a saturated  calomel  electrode 
via  a Luggin  probe. 

4 
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The  environments  utilized  were  1.5N  l^SO^,  5N  H^SO^ , and  5N  HC1  and 
tests  were  conducted  at  room  temperature,  50°C,  and  65°C. 

RESULTS  AND  DISCUSSION 

The  polarization  curves  in  Figure  2 show  the  effect  of  texture  on 
the  anodic  polarization  behavior  of  the  Ti-4A1  alloy  in  5N  H^SO^  at  25, 

50,  and  65°C.  In  all  cases  the  peak  dissolution  current  for  specimens 
which  preferentially  expose  basal  planes  is  less  than  that  for  specimens 
exposing  a mixture  of  prism  planes.  The  critical  potential  for  passivity 
is  the  same  for  both  types  of  specimens  at  a given  temperature  but 
shifts  (cathodical ly)  in  the  more  active  direction  with  increasing 
temperature.  Regardless  of  crystallographic  plane  exposed,  the  maximum 
dissolution  current  increased  with  increasing  temperature.  Also  the 
higher  the  temperature,  the  greater  the  effect  of  texture. 

Figure  3 shows  similar  data  for  the  Ti-4A1  alloy  in  5N  HC1.  Again, 
the  peak  dissolution  current  for  specimens  which  preferentially  expose 
basal  planes  is  less  than  that  for  specimens  exposing  a mixture  of  prism 
planes.  However,  increasing  the  solution  temperature  reduced  the  texture 
effect  for  this  alloy  in  5N  HC1. 

In  the  case  of  the  Ti-4A1-4V  alloy,  it  was  possible  to  preferentially 
expose  and  test  two  different  prism  planes;  namely,  (1120)  and  (1010) , 
rather  than  the  mixture  of  prism  planes  tested  in  the  Ti-4A1  specimens. 
Figure  4 shows  the  polarization  curves  obtained  for  these  two  prism 
planes  as  well  as  for  the  basal  plane  in  1.5N  f^SO^  at  room  temperature 
(2.:°C).  The  basal  plane  oriented  specimens  are  again  found  to  be  less 
reactive,  as  reflected  in  the  dissolution  currents  for  the  active  as 
well  as  passive  and  transpassive  regions.  There  is  very  little  difference 
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in  the  behavior  of  the  two  prism  planes  in  this  environment.  Increasing 
the  H0SO  concentration  to  5N  (Figure  5)  served  only  to  increase  the 
peak  dissolution  currents  for  the  three  types  of  specimens.  When  the 
temperature  of  the  5N  environment  is  increased  to  50°C,  a difference  in 
behavior  between  the  two  prism  planes  becomes  evident  as  shown  in  Figure  6. 
The  (1010)  plane  specimens  show  a higher  dissolution  current  than  the 
(1120)  specimens  with  the  basal  oriented  specimens  showing,  as  in  all 
other  cases  reported  here,  the  lowest  peak  dissolution  current.  Once 
again  the  critical  potential  is  the  same  for  all  orientations  at  a given 
temperature , but  shifts  in  the  active  direction  as  the  temperature  of  the 

5N  ILSO . environment  is  increased. 

2 4 

METALLOGRAPHY 

Specimen  surfaces  which  had  been  used  in  the  anodic  polarization 
experiments  were  examined  in  the  scanning  electron  microscope  to  elucidate 
the  morphology  of  corrosive  attack  on  the  various  specimen  orientations. 

Figure  7 shows  the  effect  of  the  anodic  polarization  runs  on  the 
surfaces  of  basal  (A.C.F,  and  G)  versus  prism  (B,D,F,  and  H)  oriented  Ti-4A1 
specimens  (specimens  used  to  obtain  the  50°C  data  shown  in  Figure  2) . 

A-D  are  light  micrographs  while  E-H  are  scanning  electron  micrographs.  A 
and  B show  typical  areas  of  basal,  (0001),  and  prism  oriented  specimens, 
respectively;  while  C and  D are  a greater  magnification  of  the  areas  circled 
in  A and  B.  What  is  shown  in  this  series  of  photos  is  that  the  contrast, 
light  versus  dark  grains,  in  A and  B is  attributable  to  the  surface  roughness 
of  the  grains  and  not  to  faceting.  Note  the  relationship  between  the  grain 
surface  roughness  shown  in  C and  D and  the  contrast  between  these  same 
grains  as  seen  in  A and  B.  The  lighter  a grain  appears  in  A or  B the 
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smoother  its  surface  appears  under  higher  magnification  in  C or  D;  and 
the  darker  it  appears,  the  rougher  its  surface.  The  morphology  of  the 
grain  surface  roughnesses  evident  in  the  higher  light  magnification  photos 
C and  D are  more  clearly  illustrated  in  the  scanning  electron  micrographs 
E-H.  E and  G are  typical  areas  of  the  surface  of  a basal  oriented  speci- 
men while  F and  H are  typical  of  a prism  oriented  surface.  Note  the  three 
fold  symmetry  of  the  surface  features  found  on  grains  marked  a and  b in 

photo  E and  c in  photo  G.  This  form  of  attack  hr.s  been  observed  by  other 
3 4 

authors  ’ and  indicates  that  these  grains  probably  have  near  basal  orien- 
tations. These  grains  show  a reduced  severity  of  attack  (i.e.  material 
loss)  when  compared  with  the  grains  shown  in  photos  F and  H.  This  difference 
in  reactivity  accounts  for  the  difference  in  the  magnitude  of  the  dissolution 
currents  observed  for  these  two  surfaces  in  the  anodic  polarization  exper- 
iments. 

The  surface  features  found  upon  examination  of  the  Ti-4A1-4V  alloy 
specimens  exposed  to  the  same  conditions  were  quite  different  as  illustrated 
in  Figure  8.  This  alloy  had  an  elongated  a, 6 microstructure.  Scanning 
electron  micrographs  A,  B,  and  C show  representative  areas  of,  (0001), 

(1120),  and  (1010)  preferentially  oriented  specimen  surfaces.  As  can  be 
seen  in  these  photos,  the  loss  of  material  was  least  from  the  (0001)  surface 
and  greatest  from  the  (1010)  surface.  These  observations  are  in  agreement 
with  the  relative  magnitude  of  the  dissolution  currents  in  Figure  6. 

There  appears  to  be  three  types  of  material  present  in  these  photos.  The 
areas  marked  (a)  appear  as  flat  unaffected  plateau  regions  and  probably 
represent  the  original  surface  of  the  sample  (note  the  presence  of  polishing 
marks  here).  Since  the  area  of  this  material  decreases  as  we  progress 
from  (0001)  to  (1120)  to  (1010)  it  is  assumed  to  be  basal  oriented  a. 
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The  areas  marked  (h)  appear  as  depressed  areas  where  dissolution  has  taken 
place.  As  the  area  of  this  type  of  material  increases  from  (0001)  to 

(1120)  to  ( 1 0 10)  it  is  assumed  to  be  prism  oriented  u.  The  island  material 

marked  (c)  consists  of  the  -I0?o  g found  in  this  alloy. 

SUMMARY  AND  CONCLUSIONS 

1.  The  basal  (0001)  oriented  specimens  of  both  alloys  exhibited  lower 
critical  current  densities  for  passivity  than  the  prism  oriented 
specimens. 

2.  Microscopic  examination  of  the  specimen  surfaces  revealed  preferrential 
corrosive  attack  depending  on  grain  orientation.  Basal  oriented 

specimen  surfaces  were  corroded  less  than  prism  oriented  surfaces  of 
the  same  alloy  under  identical  exposure  conditions.  Thus,  microscopic 
observations  support  the  anodic  polarization  data. 

These  results  indicate  that  controlled  basal  (0001)  texture  in 
polvcrystal 1 inc  a titanium  alloys  can  be  utilized  to  provide  improved 
corrosion  resistance  under  active  anodic  dissolution  conditions. 

Figure  9 illustrates  how  textured  titanium  can  be  used  to  produce 
more  corrosion  resistant  tubing  and  pressure  vessels  (i.e.  by  orienting 
the  basal  surface  of  the  textured  material  toward  the  environment). 

This  configuration  will  also  provide  increased  biaxial  strength  or 
"burst  strength". 
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TABLE  I 


COMPOSITION  FOR  H-4AI  and  Ti-4AI-4V 
ALLOYS  (in  weight  percent! 


C 

0 
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Al 

— 

H 

N 
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0.01 

0.0? 

. 

4.  1 

0.004 

0.008 

T i -4AI-4V 
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Table  II 

MECHANICAL  PROPERTIES  Of  TEXTURED  TI-4AMV  PLATE 
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Figure  2.  Polarization  Curves  for  Ti-4AI  in  5N  H2Su 
at  25,  50,  and  65  C 
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Figure  3.  Polarization  Curves  for  Ti-4AI  in  5N  HCI 
at  25,  50,  and  65  C 


Figure  7.  Effect  of  Anodic  Polarization  on  Ti-4AI  Specimen  Surfaces 
in  5N  HjSO^  at  50C 
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Figure  8.  Effect  of  Anodic  Polarization  on  Ti-4AI-4V  Specimen  Surfaces 

in  5N  H2S04  at  50  C 
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THE  ADHESION  OF  AI-.O3  SCALES  ON  ALLOYS 

by 
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Middletown,  Connecticut  06^57 


Abstract 

A number  of  mechanisms  have  been  proposed  to  explain  the  effects  of 
oxygen-active  elements  or  oxide  dispersions  on  oxide  adhesion.  These 
include:  the  vacancy  sink  mechanism,  the  enhanced  oxide  plasticity  mechanism, 

the  graded  seal  mechanism,  the  chemical  bonding  mechanism,  and  the  mechanical 
pegging  mechanism.  Evaluation  of  some  of  these  mechanisms  became  possible  ! 

during  an  investigation  of  the  morphological  features  of  the  oxide  and  sub- 
strate from  which  the  oxide  had  spalled  on  a number  of  alloy  systems.  Alloy 
systems  evaluated  included  NiCrAl(Y),  CoCrAl(Y),  FeCrAl  and  Pt-6.6A1.  The 
enhanced  adherence  of  oxides  on  the  yttrium-modified  NiCrAl  and  CoCrAl  alloys 
was  found  to  be  due  to  the  presence  of  an  irregular  oxide-alloy  interface 
resulting  from  the  formation  of  yttrium-rich  macro  and  micro  oxide  pegs 
protruding  into  the  metal  at  this  interface.  Similarly,  platinum- rich  metallic 
protrusions  into  the  oxide  formed  on  a Pt-6.oAl  alloy  also  produce  an  irregular  j 

oxide-alloy  interface  and  result  in  excellent  oxide  adhesion. 
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Introduction 


The  adhesion  of  AlgOj  scales  to  alloy  substrates  under  the  influence  of 
thermally-induced  stresses  is  of  extreme  importance  since  the  most  oxidation 
resistant  coatings  for  nickel-  and  cobalt-base  superalloys  are  designed  to 
form  AlgO^  on  exposure  to  corrosive  environments  at  elevated  temperatures.^ ^ 
Spalling  of  the  A120^  scale  results  in  a loss  of  alloy  protection  and  requires 
reformation  of  the  protective  alumina  scale.  Repeated  spallation,  as  frequently 
occurs  in  practice,  causes  severe  depletion  of  aluminum  in  the  alloy  or  coating, 
eventually  resulting  in  the  formation  of  less  protective  scales. 

It  has  been  found  that  small  additions  of  oxygen  active  elements,  such  as 

(2-k)  (s-7) 

yttrium,'  as  well  as  oxide  dispersions  ' can  be  used  to  improve  tj.^r 

adherence  of  oxide  scales  to  alloy  substrates.  More  recently  it  has  been 

observed  that  the  addition  of  platinum  to  coatings  or  alloys  is  also  effective 

/ Q \ 

in  promoting  oxide  adherence.'  ' 

A number  of  mechanisms  have  been  tentatively  proposed  to  account  for  the 
improvement  of  oxide  dhesion,  namely; 

The  Vacancy  Sink  Mechanism  is  based  on  the  assumption  that  the  presence  of 
voids  at  the  oxide/substi ate  interface  results  in  poor  external  oxide 
scale  adhesion.  Oxide  particles  or  oxygen  active  elements  in  the  alloy 
are  proposed  to  act  as  sinks  which  annihilate  the  vacancies  generated 
during  the  oxidation  process,  thus  preventing  the  formation  of  voids  at 
the  oxide/substrate  interface. 
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oxide  is  developed  between  the  oxide  scale  and  the  alloy  which  possesses 
a thermal  expansion  coefficient  that  gradually  changes  from  values  similar 
to  those  of  the  alloy  to  values  close  to  those  of  the  oxide  scale  as  one 
proceeds  through  this  layer  from  the  alloy  to  the  external  scale. 

The  Chemical  Bonding  Mechanism  proposes  that  the  adhesion  of  Al^Oj  scales 
is  dependent  upon  the  nature  of  the  atomic  bonds  which  are  developed 
across  the  oxide/substrate  interface.  Yttrium  dissolved  in  the  alloy  and 
oxide  may  alter  the  nature  of  the  chemical  bonds  developed  at  the 
oxide/alloy  interface. 

The  Mechanical  Pegging  Mechanism  proposes  that  oxide  pegs  are  developed 
at  the  oxide/alloy  interface  which  mechanically  Key  the  oxide  scale  to  the 
alloy.'5-''’15) 

The  purpose  of  this  paper  is  to  present  the  results  of  recent  experiments 
involving  alloys  which  form  external  AloO*  scales  during  high  temperature 
exposure.  On  some  of  these  alloys  the  Al^O,  scale  was  adherent,  while  on 
others  it  was  non-adherent.  The  morphological  features  of  the  oxides  and  the 
metal  substrates  from  which  they  spalled  were  examined  in  light  of  the  oxide 
adherence  mechanisms  described  above.  New  evidence  in  support  of  the  pegging 
mechanism  is  presented. 
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Experimental 


Alloys  used  In  this  program  were  Ni-15Cr-6Al,*  Fe-25Cr«4Al  and  Co-25Cr-6Al, 
with  and  without  0.1  or  0.5$  yttrium.  These  alloys  were  studied  in  three 
fatrication  conditions,  namely:  as-cast,  hot  worked  and  annealed  and  vapor- 

deposited.  Also  evaluated  was  a cast  and  annealed  Pt-6.6A1  alloy.  Specimens 
of  the  NiCrAl,  FeCrAl  and  CoCrAl  alloys  were  isothermally  oxidized  between 
100CP  and  120CP C in  1 atm  of  dry  air,  the  Pt-6.6A1  alloy  to  lMXPc.  The  oxide 
scales  and  alloy  surfaces  were  examined  using  scanning  electron  microscopy. 
Standard  metallographic  techniques  were  also  used  to  examine  the  oxidized 
specimens.  Adherent  oxides  were  separated  from  their  respective  alloys  by 
dissolving  the  alloy  in  either  10$  bromine-methanol  or  for  the  Pt-6.6A1  alloy, 
•.'arm  aqua  regia. 


Results  and  Discussion 

The  results  presented  here  were  selected  from  a more  comprehensive  study 
concerned  with  the  morphological  features  of  adherent  and  non-adherent  AlpOj 

(1M 

scales.  The  evidence  presented,  is  in  support  of  a particular  mechanism 

(mechanical  pegging)  but  does  not  completely  exclude  participation  of  other 
mechanisms  in  contributing  to  AlpO^  scale  adherence. 

It  was  observed  that  the  Alt0*  scale  which  formed  on  the  Ni-15Cr-toAl, 

Co-t 5Cr-oAl  and  Fe-r^Cr-^Al  alloys  (i.e.  those  alloys  which  do  not  contain 

(lM 

yttrium)  during  oxidation  tends  to  spall  during  cooling.  ' Typical  features 
observed  on  the  metal  surfaces  of  NiCrAl  and  CoCrAl  alloys  from  which  the 
oxide  had  spalled  are  shown  in  Figure  1.  It  can  be  seen  that  there  are  two 
types  of  structural  features  on  the  metal  surface.  There  are  areas  where  the 
imprints  of  oxide  grains  are  observed,  but  there  are  also  numerous  areas  which 


♦All  compositions  are  given  in  weight  percent. 
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are  smooth  and  contain  no  such  imprints.  It  is  believed  that  at  these  smooth 
areas  the  oxide  became  detached  from  the  alloy  substrate  at  temperature,  during 
oxidation  since  they  contain  numerous  thermal  facets.  Figure  lb. 

As  pointed  out  in  a previous  study^^  concerned  with  the  spalling  of 
AlgOj  from  an  Fe-25Cr-4Al  alloy,  void  formation  is  frequently  associated  with 
oxide  scale  spalling.  It  can  be  shown,  however,  that  void  formation  is  not 
absolutely  necessary  for  oxide  scale  spalling  to  occur.  To  illustrate  this 
point,  an  electropolished  specimen  of  Fe-25Cr-4Al  was  oxidized  for  24  hours 
at  120CP  C in  1 atra  of  air.  The  external  AlgOj  scale  spalled  from  this  specimen, 
but  no  smooth  areas  were  observed  on  the  substrate  surface.  Figure  2.  Rather, 
the  substrate  was  totally  covered  with  imprints  of  oxide  grains,  Figures  2b  and 
2c.  The  oxide  surface  at  the  substrate  interface  contained  only  a few  isolated 
voids.  The  structures  observed  in  Figure  2 are  not  consistent  with  the  vacancy 
sink  mechanism  since  this  mechanism  presumes  that  void  formation  is  a precursor 
to  spalling  of  the  oxide. 

It  has  been  proposed  that  elements  such  as  yttrium  may  improve  the 
adhesion  of  AlgOj  on  alloys  by  causing  the  AI2O3  to  be  more  easily  deformed 
and  thereby  allowing  the  relief  of  growth  and  thermally-induced  stresses  which 
would  have  otherwise  caused  spalling  of  the  scale.  In  the  present  studies  more 
apparent  deformation  of  the  Al^Oj  has  been  observed  on  the  alloys  which  did 
not  contain  yttrium  than  on  those  containing  yttrium,  Figure  3 • Oxides  formed 
on  alloys  not  containing  yttrium  were  1 ften  highly  wrinkled,  Figure  3®>  while 
those  formed  under  the  same  conditions  on  alloys  containing  yttrium  were  flat. 
Figure  3b.  The  wrinkles  in  the  former  alloys  frequently  occurred  at  sites 
where  the  oxide  had  become  detached  at  temperature.  Figure  la.  It  is  therefore 
proposed  that  the  presence  of  yttrium  in  the  oxide  does  not  result  in  increased 
oxide  plasticity. 
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The  graded  seal  mechanism  is  based  on  the  supposition  that  a layer  of 
oxide  other  than  A1  0*  is  developed  between  the  external  oxide  scale  and  the 
alloy.  In  this  study  no  such  continuous  layer  was  observed.  However,  the 


zone  of  alloy  beneath  the  A1  .0^  scale  may  become  deformed  to  accommodate 
growth  stresses  generated  as  a result  of  the  formation  of  oxide  protrusions 
and  particles  of  yttrium  oxide  within  this  region. 

It  is  possible  that  alloying  elements  may  promote  oxide  adherence 

through  chemical  effects,  i.e.  by  developing  stronger  atomic  bonds  across 

( 12) 

the  oxide-substrate  interface.  It  has  been  proposed  that  impurities  which 
have  a greater  affinity  for  oxygen  than  other  elements  in  the  alloy  can  play 
a dominant  role  by  developing  stronger  atomic  bonds  across  the  oxide- substrate 
interface.  In  the  alloys  used  in  this  investigation,  the  standard  free 
energy  of  formation  of  is  more  negative  than  those  of  NiO,  FeO,  CoO, 

Cr^O,  and  Al^O,.  Consequently  it  is  possible  that  in  addition  to  providing 

C J e J 

vacancy  sinks  via  the  formation  of  internal  oxide  particles  or  the  formation 
of  large  atom-vacancy  complexes,  yttrium  as  well  as  other  oxygen  active 
elements  may  also  promote  oxide  adherence  by  developing  stronger  bonds  across 
the  oxide-substrate  interface.  It  is  difficult  to  provp  or  disprove  this 
proposition.  It  is  worth  noting,  however,  that  A1  0,  particles  in  a FeCrAl 
alloy  have  been  observed  to  significantly  improve  the  adhesion  of  Al-.O^.^^ 
Such  results  indicate  improved  adhesion  can  be  achieved  without  any  chemical 
bonding  effects. 

In  the  mechanical  pegging  mechanism  it  is  proposed  that  oxide  pegs  are 
developed  at  the  Al,  0.,-alloy  interface  which  mechanically  key  the  Alo0^  to 
the  alloy  and  adherence  of  the  Al^O,  to  the  alloy  is  therefore  improved.  In 
, the  present  study,  pegs  extending  into  alloys  containing  yttrium  were  observed. 
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Figure  4.  Since  the  AI2O3  scales  which  formed  on  the  NiCrAlY  and  CoCrAIY 
alloys  were  usually  adherent,  the  surfaces  of  these  scales  at  the  substrate 
interface  were  examined  by  dissolving  the  alloys  in  a 10  percent  bromine- 
methanol  solution.  The  extracted  oxide  flakes  were  separated  from  the 
solution  by  filtering  and  subsequently  were  washed  in  pure  methanol.  Typical 
features  of  the  A1  0,  at  the  substrate  interface  are  presented  in  Figure  4. 

The  oxide  contained  a network  of  oxide  protrusions,  Figure  4a,  which  extended 
into  grain  boundaries  of  the  alloy,  Figure  4b.  Electron-beam  microprobe 
analyses  showed  that  these  protrusions  contained  predominantly  yttrium.  These 
yttrium-rich  protrusions  will  be  referred  to  as  macro  pegs. 

The  surfaces  of  extracted  Mo0^  flakes  at  the  substrate  interface  always 
exhibited  the  coarse  network  of  oxide  protrusions.  Figure  4a.  On  numerous 
flakes  much  smaller  oxide  protrusions  were  also  evident,  Figure  4c.  The 
density  of  these  smaller  protrusions  was  observed  to  vary  from  flake  to  flake. 
An  attempt  was  made  to  determine  the  composition  of  these  particles  by  using 
an  energy  dispersive  technique.  Yttrium  was  detected  in  the  large  particles, 
but  was  not  detected  in  the  smaller  particles.  However,  it  is  believed  that 
these  particles  may  have  been  too  small  to  generate  detectable  intensities. 
Nonetheless,  these  smaller  particles  are  also  believed  to  be  yttrium- rich. 
These  small  oxide  prot rusions  are  considered  to  be  micro  pegs.  It  is  believed 
that  the  combined  effects  of  macro  and  micro  pegs  on  the  alloys  containing 
yttrium  contributes  in  a significant  way  to  oxide  adherence  by  producing  an 
irregular  interface  between  the  oxide  and  alloy. 

In  common  with  the  alloys  containing  yttrium,  the  Alg07  scale  formed 
on  the  Pt-b.6Al  alloy  at  temperatures  up  to  l40(fc  was  very  adherent.  The 
substrate  interfaces  of  oxide  flakes  obtained  from  this  alloy  were  compared 
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to  those  described  above.  The  surfaces  of  the  oxide  flakes  obtained  from  a 
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specimen  oxidized  at  120Cf  C contained  a small  number  of  depressions  or  voids 
in  addition  to  a continuous  network  of  oxide  crystals.  Figure  5a*  Also 
observed  in  the  microstructures  of  these  specimens  were  numerous  pegs  at 
the  oxide-alloy  substrate.  Figure  5b.  The  pegs  at  this  interface  in  the  case 
of  the  Pt-6.bAl  alloy  were  metallic  as  opposed  to  the  oxide  pegs  in  the  NiCrAlY 
and  CoCrAlY  specimens.  The  specimen  shown  in  Figure  5b  had  been  oxidized  for 
7-5  hours  at  135C^C  and  was  metallographically  polished,  then  etched  in  hot 
phosphoric  oxide. 

The  number  of  these  metallic  pegs  increases  with  time  and  temperature, 
Figure  ' , as  illustrated  for  a specimen  oxidized  for  2 hours  at  l!40CPc. 

Where  a slight  amount  of  spalling  had  occurred,  Figure  6a,  due  to  fracturing 
th«  specimen  after  oxidation,  the  density  of  the  metallic  pegs  which  had 
protruded  into  the  oxide  scale  is  clearly  evident.  The  substrate  interface 
of  the  oxide  scale  was  examined  after  dissolution  of  the  alloy  substrate  in 
■.•arm  aqua  regia.  It  can  be  seen.  Figure  6b,  that  there  are  voids  in  the  oxide 
scale  and  the  relative  densities  of  the  metal  protrusions  and  vcids  in  the 
oxide,  Figures  6a  and  6b,  are  the  sam°,  and  coincident  with  one  another.  It 
is  believed  that  these  metallic  pegs  contribute  in  an  important  way  to  the 
excellent  adherence  of  Al^O^  on  the  Pt-6.’  A1  alloy,  by  forming  an  irregular 
interface  between  the  oxide  and  the  alloy  substrate. 


Summary  and  Conclusions 

At  this  time  it  is  believed  that  the  oxide  pegging  mechanism  best  explains 
the  improved  oxide  adhesion  attributed  to  oxygen  active  elements,  oxide 
particles  and  platinum  in  alloys  which  contain  one  or  more  of  these  additives. 
While  other  mechanisms  may  contribute  synergistically  to  oxid~  adherence,  less 
evidence  in  support  of  these  mechanisms  has  been  obtained  to  date.  Therefore, 


l 
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while  the  exact  mechanism(s)  for  oxide  adherence  remain  uncertain,  it  is 
believed  that  where  improved  adhesion  is  obtained,  an  important  characteristic 
is  the  development  of  an  irregular  interface  between  the  oxide  and  the  alloy. 
Macro  and  micro  oxide  pegs  in  NiCrAlY  and  CoCrAlY  alloys  and  metallic  pegs 
in  Pt-6.6A1  produce  such  an  irregular  interface. 
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Figure  1 - Typical  morphological  features  on  the  metal 
surfaces  of  CoCrAl  (a)  and  NiCrAl  (b)  alloys  after  100 
hours  at  llOCPc  in  1 atm.  of  dry  air.  Wrinkles  in  the 
A120^  coincided  with  smooth  areas  in  the  alloy  surface 
and  voids  (arrows)  were  occasionally  observed  in  the 
smooth  areas  (a).  Smooth  areas  on  the  alloy  surfaces 
contained  thermal  facets  (black  arrows)  whereas  rough 
areas  contained  imprints  of  oxide  grains  (b). 


Figure  2 - Oxide  scale  and  alloy  surface  morphologies  of 
electropolished  Fe-25Cr-4Al  after  isothermal  oxidation 
at  120CPC  for  24  hrs  in  air.  (a)  General  structure  of 
oxide  flakes  and  bare  alloy  surface,  (b)  and  (c)  Low  and 
high  magnification  of  alloy  surface  specifically  showing 
that  the  mounds  of  alloy  were  not  smooth  but  faceted 
by  imprints  of  the  oxide  grains. 
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Figure  3>  - Typical  morphological  features  developed  at 
the  AlgOygas  interface  of  Al^O*  scales  after  100  hours 
at  1200°  C in  1 atm.  of  dry  air.  The  oxide  scale  is 
highly  wrinkled  on  NiCrAl  and  CoCrAl  alloys  (a)  but  smooth 
on  NiCrAl  and  CoCrAlY  alloys  (b). 
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Figure  b - Macro  and  micro  oxide  protrusions  which  were 
formed  on  CoCrAlY  alloys  during  oxidation,  (a)  Oxide 
scale  morphology  at  alloy-oxide  interface  illustrating 
concentrations  of  yttrium-rich  macro-pe^s  (arrows). 

(h)  Metallographic  section  shows  that  the  macro-pegs 
are  found  in  the  alloy  grain  boundaries,  (c)  Physical 
evidence  for  the  presence  of  micro-pegs  at  the  alloy- 
oxide  interface. 
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Figure  5 - Morphological  features  typical  of  the  AlgOj 
scales  formed  on  Pt-6.6A1.  (a)  Oxide  flake  at  gas 

interface  contains  a small  number  of  depressions  or 

voids,  (b)  Voids  are  sites  where  metallic  pegs  ] 

protruded. 
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Figure  6 - Morphological  features  of  the  metal  surface 
of  Pt-6.6A1  (a)  and  the  detached  AlgOj  scale  at  the 
metal-oxide  interface  (b)  after  2 hours  at  l40CPc  in 
1 atm.  of  dry  air.  It  is  apparent  that  a highly 
irregular  metal-oxide  interface  has  developed. 
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Abstract 

The  mechanisms  for  Na2SOjt-induced  hot  corrosion  of  nickel  and  cobalt  and 
alloys  of  these  metals  containing  chromium  and/or  aluminum  are  compared  in 
order  to  determine  if  there  are  any  fundamental  reasons  for  the  apparent  superior 
hot  corrosion  resistance  of  cobalt-base  alloys  compared  to  nickel-base  alloys. 

It  is  shown  that  cobalt-base  alloys  are  much  more  resistant  to  the  initiation  of 
hot  corrosion  than  nickel-base  alloys  when  these  alloys  contain  both  chromium 
and  aluminum  but  that  for  the  both  types  of  alloys  the  hot  corrosion  degradation 
mechanisms  are  virtually  the  same. 
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Introduction 

Alloy  components  in  the  turbine  sections  of  both  marine  and  aircraft  gas 
turbine  engines  are  often  subjected  to  unusually  severe  corrosion.  This  type 
of  attack,  usually  referred  to  as  hot  corrosion,  has  been  found  to  be  caused 
by  molten  salt  or  ash  deposits.  Both  nickel  and  cobalt-base  alloys  are  subject 
to  hot  corrosion  attack.  However,  from  experiments  using  burner  rigs  it  appears 
as  though  at  temperatures  on  the  order  of  90(f  C that  the  couituarcial  cobalt-base 
alloys  are  more  resistant  to  hot  corrosion  than  the  commercial  nickel-base 
alloys.  ^ The  reasons  for  this  difference  in  performance  have  been  the  subject 
of  considerable  speculation. 

(2) 

Seybolt  and  Beltram'  ' observed  that  the  basic  mechanism  of  hot  corrosion 

was  essentially  the  same  for  nickel,  cobrlt  and  binary  alloys  of  these  elements. 

Deleterious  reactions  occurred  at  a lower  temperature  for  nickel-be  e systems 

(3) 

than  for  the  cobalt-base  systems.  Wheatfall'  ' has  summarized  the  considerable 
amount  of  laboratory  and  rig  testing  of  nickel  and  cobalt  binary  and  ternary 
alloys  as  well  as  that  of  some  more  complex  superalloys.  Again,  the  commercial 
cobalt-base  superalloys  were  found  to  be  more  corrosion  resistant  than  alloys 
based  on  nickel.  However,  burner  rig  tests  on  unalloyed  nickel  and  cobalt 
revealed  that  these  materials  had  similar  corrosion  resistances  at  1675°  and 
I75CPF  (91jf  and  954° C).  The  Ni-25Cr  and  Co-25Cr  binary  alloys  also  had  comparable 
corrosion  rates  at  all  temperature  levels.  The  purpose  of  this  paper  is  to 
examine  the  hot  corrosion  degradation  mechanisms  of  nickel,  cobalt  and  alloys 
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of  these  metals  in  oraer  to  determine  if  there  are  any  fundamental  reasons 
for  the  apparent  differences  in  the  resistances  of  these  materials. 

Experimental 

Binary  alloys  of  N1-25A1,*  and  CO-25A1  were  prepared  by  casting  and 
annealing.  Alloys  of  Ni-JOCr  and  Co-^Cr  were  cast,  hot  worked  and  annealed. 

The  aluminum  and  chromium  '•oncentrations  of  these  alloys  were  sufficient  to 
allow  during  oxidation  the  development  of  continuous,  external  scales  of  AlgO^ 
and  CrgO^,  respectively.  Alloys  of  Ni-25Cr-6Al  (NiCrAl)  and  Co-25Cr-6Al  (CoCrAl) 
were  prepared  by  vapor  deposition.  (The  vapor  deposition  fabrication  procedure 
was  used  to  examine  the  influence  of  microstructure  on  the  initiation  of  hot 
corrosion  anc’  iesults  obtained  for  this  part  of  the  investigation  will  be  reported 
elsewhere.)  External  scales  of  AlgO^  were  formed  on  both  of  these  alloys  during 
oxidation. 


The  hot  corrosion  testing  consisted  of  either  isothermal  or  cyclic  oxidation 
at  lCXXfc  in  oxygen  or  air  using  deposits  of  NagSO^.  Sodium  sulfate  was  used 
to  initiate  the  hot  corrosion  since  it  is  well  established  that  deposition  of 
principally  NagSO^  is  a precursor  to  the  initiation  of  hot  corrosion  in  gas 
turbines.  Specimens  of  the  alloys  were  polished  through  600  grit  SiC  paper 
and  degreased  prior  to  testing.  The  specimens  were  then  coated  with  NagSO^ 
and  isothermally  or  cyclically  oxidized.  In  the  cyclic  test,  the  specimens 
were  cycled  to  room  temperature  once  every  hour  (50  minutes  hot,  10  minutes 
cold)  and  removed  from  the  test  once  every  20  hrs.  Every  20  hrs  the  specimens 
were  washed,  weighed  and  visually  examined  before  a fresh  coating  of  NagSO^ 

\ 1 

was  applied. 

! 

*A11  compositions  are  given  in  weight  percent. 
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Results 

1.  Hot  Corrosion  Behavior  of  Nickel  and  Cobalt 

Oxidation  experiments  performed  with  specimens  of  nickel  and  cobalt  at 
1000° C have  shown  that  if  Na^SO^  is  present  on  the  metal  surface,  accelerated 

(4  5^ 

oxidation  occurs  during  the  initial  stages  of  oxidation.  * ' It  has  also  been 
observed  that  the  accelerated  rate  of  oxidation  does  not  persist,  and  for  periods 
beyond  approximately  15  min.  the  oxidation  rate  of  Na.  jSO^-coated  specimens  is 
identical  to  that  of  uncoated  specimens. 


Examination  of  Na^.sO^-coated  specimens  after  oxidation  has  revealed  two 
morphological  features  which  are  not  found  in  equivalent  uncoated  specimens. 

It  appears  that  during  the  period  of  accelerated  oxidation,  the  oxide  scales 
formed  on  Na^SO^-coated  nickel  and  cobalt  are  porous  and  non-urotective.  In 
addition  it  has  been  determined  that  during  this  same  period  sulfur  from  the 
NapSOjj  reacts  with  the  metal  to  form  a liquid  sulfide  layer  separating  the 
oxide  scale  from  the  metal.  After  longer  oxidation  times  dense,  protective 
oxide  scales  are  eventually  formed  beneath  the  initial  porous  scales,  and  the 
oxidation  rate  decreases  toward  that  which  is  characteristic  of  nickel  and 
cobalt  in  the  absence  of  Na- 30^. 

Based  upon  an  examination  of  the  thermodynamic  properties  of  molten  Na^SO^, 
it  has  been  possible  to  propose  a mechanism  to  explain  the  attack  of  nickel 
and  cobalt  by  molten  Na^SOj,.^ ^ According  to  the  proposed  mechanism,  an  oxide 
film  initially  forms  on  the  metal  beneath  the  liquid  sulfate  by  consuming  oxygen 
from  the  melt.  Consequently  an  oxygen  gradient  is  established  across  the  molten 
salt  such  that  the  oxygen  activity  of  the  scale-salt  interface  is  reduced.  The 
decreased  oxygen  activity  results  in  an  increased  sulfur  activity,  and  sulfur 
diffuses  through  the  oxide  scale  to  form  sulfides  beneath  the  scale.  The  loss 
of  sulfur  and  oxygen  from  the  NapSO^  results  in  a sufficiently  large  increase  in 
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the  oxide  ion  activity  of  the  melt  that  dissolution  of  the  oxide  scale  by  the 
basic  melt  can  occur.  Dissolution  (fluxing)  of  the  oxide  films  is  believed  to 
occur  at  local  sites  in  the  oxide  scale,  such  as  grain  boundaries,  to  the 
extent  that  the  liquid  penetrates  the  scale  and  subsequently  spreads  laterally, 
stripping  the  oxide  from  the  metal.  Repetitive  stripping  of  the  oxide  film 
by  the  Na^SO^  results  in  rapid  oxidation  of  the  metal. 

Based  upon  the  results  of  these  studies  it  has  been  concluded  that  the 
attack  of  nickel  and  cobalt  by  Na^SO^  occurs  by  essentially  the  same  mechanism. 

3.  Hot  Corrosion  of  C0-25AI  and  N1-25A1 

Binary  alloys  of  cobalt  and  nickel  containing  25  weight  percent  A1  derive 
their  high  temperature  oxidation  resistance  from  protective  AlgO^  oxide  barriers. 
When  specimens  of  these  alloys  are  coated  with  Na^SO^  and  then  oxidized,  Kinetic 
data  which  has  been  obtained  indicate  that  no  accelerated  oxidation  occurs  for 
periods  up  to  10  hrs.  After  this  initial  incubation  period,  a brief  period  of 
very  rapid  oxidation  is  observed,  after  which  the  oxidation  rate  decreases,  but 
nevertheless  remains  greater  than  would  be  expected  in  the  absence  of  NagSO^. 

Detailed  examination  of  C0-25AI  and  N1-25A1  hot  corrosion  specimens  as  a 
function  of  time  has  shown  that  during  the  initial  stages  of  oxidation,  protective 
films  of  AlgOj  are  formed  on  these  alloys  beneath  the  molten  NapSCjj.  The 
termination  of  the  incubation  period  and  the  onset  of  rapid  oxidation  has  been 
found  to  correspond  to  the  rapid  destruction  of  the  AlpO^  scale,  followed  by  the 
formation  of  less  protective  scales  which  are  rich  in  nickel  or  cobalt  oxides. 

A typical  microstructure  resulting  from  this  type  of  attack  is  shown  in  Figure  1. 
It  is  evident  that  in  addition  to  the  formation  of  a thick,  non-protective  oxide 
scale,  sulfur  from  the  KapSO^  reacts  with  these  alloys  to  form  aluminum  sulfide 
particles  beneath  the  oxide  scale. 


The  mechanism  of  attack  for  both  of  these  alloys  in  the  presence  of  NapSO^ 
is  believed  to  be  similar  to  that  for  cobalt  and  nickel.  In  particular,  it  has 
been  proposed  that  during  the  incubation  period  conditions  are  developed  in  molten 
sulfate  such  that  penetration  of  the  AlgO^  scales  can  occur  by  basic  fluxing  of 
the  AlgO^  in  localized  areas.  Once  it  is  penetrated,  rapid  stripping  of  the 
AlpO*,  occurs,  and  large  amounts  of  sulfur  react  vith  the  alloy  to  form  aluminum 
sulfides  preventing  the  reformation  of  a protective  AJ.gOj  barrier,  and  therefore 
the  accelerated  oxidation  rate  persists. 

3-  Hot  Corrosion  of  Co-35Cr  and  Ni-300r 

Weight-change  versus  time  data  obtained  for  the  cyclic  hot  corrosion 
testing  of  Co-35Cr  and  Ni-30Cr  alloys  are  presented  in  Figure  2.  No  significant 
difference  between  the  results  obtained  with  the  cobalt  or  nickel-base  alloy  is 
evident.  Metal  log  raphic  examination  of  the  specimens  from  this  test  were  con- 
sistent with  such  a conclusion.  On  both  alloys  continuous  layers  of  Cr20j  were 
formed  above  an  internal  zone  of  chromium  sulfide  particles.  The  results  which 
have  been  obtained  for  these  two  alloys  indicate  that  the  hot  corrosion  resistance 
and  degradation  mechanism  of  Ni-Cr  and  Co-Cr  alloys,  with  chromium  concentrations 
such  that  continuous  external  layers  of  CrgO^  are  developed  on  the  alloys,  are  not 
markedly  different.  In  the  case  of  these  two  alloys,  however,  it  is  necessary  to 
emphasize  that  severe  hot  corrosion  degradation  was  not  observed  in  either  alloy. 
More  severe  degradation  would  be  expected  to  be  observed  eventually  after 
sufficiently  long  periods  of  testing  and  it  is  possible  that  one  of  the  alloys 
may  be  more  resistant  to  the  initiation  of  the  more  severe  degradation. 

4.  Hot  Corrosion  of  CoCrAl  and  NiCrAl 

The  weight-change  versus  time  data  obtained  from  the  cyclic  hot  corrosion 
and  cyclic  oxidation  testing  of  Ni-2?Cr-6Al  and  Co-25Cr-6Al  alloys  3re  presented 
in  Figures  3a  and  3b,  respectively.  Data  obtained  with  alloys  having  the  same 
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compositions  but  which  also  contained  yttrium  are  also  included.  The  AlgOj 
scales  were  more  adherent  on  the  alloys  which  contained  yttrium.  Adherent 
AlgOj  scales  were  evident  on  the  NiCrAlY  and  CoCrAlY  alloys  after  350  hours  of 
cyclic  oxidation.  The  AlgOj  spalled  from  the  NiCrAl  and  CoCrAl  alloys  in  the 
cyclic  oxidation  test  and  continuous  scales  of  CrgOj  were  eventually  developed 
on  these  alloys  above  subscale  zones  of  AlgOj  particles.  In  the  cyclic  hot 
corrosion  test,  the  NiCrAl  and  NiCrAlY  alloys  were  very  severely  degraded 
after  less  than  thirty  hours.  Figure  3a.  The  severe  degradation  was  caused 
by  the  development  of  sulfide  stringers  in  these  alloys.  Figure  4a,  which  were 
subsequently  preferentially  oxidized.  Figure  4b.  It  appeared  as  though  the  sulfide 
stringers  may  have  been  liquid  at  temperature.  Figure  4c.  Severe  degradation  of 
the  CoCrAl  alloy  in  the  cyclic  hot  corrosion  test  was  observed  after  about 
300  hours,  Figure  3a.  The  microstructural  features  were  the  same  as  those 
observed  with  the  NiCrAl  and  NiCrAlY  alloys.  Severe  degradation  of  the  CoCrAlY 
alloy  in  the  cyclic  hot  corrosion  test  was  not  observed,  but  degradation  similar 
to  that  of  NiCrAl,  NiCrAlY  and  CoCrAl  should  occur  at  some  test  time  beyond  300 
hours.  The  points  to  be  emphasized  are  that  the  hot  corrosion  mechanisms  of 
NiCrAl  and  CoCrAl  alloys  are  the  same  but  the  CoCrAl  alloys  are  much  more 
resistant  to  the  initiation  of  this  type  of  degradation. 

Concluding  Remarks 

The  results  obtained  in  the  present  studies  show  that  there  is  no  signif- 
icant difference  between  the  hot  corrosion  degradation  mechanisms  for  nickel 
and  cobalt  or  alloys  of  these  metals  containing  the  same  amounts  of  chromium 
and/or  aluminum.  It  has  also  been  determined  that  the  i-esistance  of  such  alloys 
to  the  initiation  of  hot  corrosion  degradation  are  about  the  same  except  for  the 
alloys  containing  both  chromium  and  aluminum,  in  which  case  the  cobait-base  alloys 
are  much  more  resistant.  In  view  of  these  results,  it  is  proposed  that  cobalt- 
base  alloys  are  only  more  resistant  to  the  initiation  of  hot  corrosion  degradation 
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than  nickel-base  alloys  containing  the  same  types  and  amounts  of  alloying 
elements,  when  these  alloys  contain  chromium  and  aluminum.  Moreover,  in 
such  alloys,  the  chromium  and  aluminum  concentrations  must  be  sufficient 
that  continuous  layers  of  AlgOj  are  developed  upon  the  alloys  during  oxi- 
dation in  the  absence  of  hot  corrosion  attack. 
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Figure  1.  Transverse  microstructure  of  C0-25AI  coated  with  0.5  mg/ cm 
Na^SO^  and  cyclically  oxidized  at  1000°  C in  1.0  atm  of  oxygen  for  80-one 
hour  cycles.  Scale  contains  oxides  of  cobalt  and  aluminum,  while  the 
subscale  consists  mainly  of  aluminum  sulfide  particles. 
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Figure  2.  Weight-change  versus  time  curves  for  the  cyclic  hot  corrosion 
of  Co-35Cr  and  Ni-JOCr  alloy  specimens  coated  with  5 mg/cm^  at  approxi- 
mately 20  cycle  (hr)  intervals.  After  200  cycles  the  difference  in 
total  weight  change  between  each  alloy  is  considered  insignificant. 
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figure  l>.  Comparison  of  the  weight-chan  e versus  time  curves  obtained 
from  the  cvclic  testing  of  NiCrAl(Y)  and  CoCrAl(Y)  alloys  at  1000  C; 
(a),  cyclic  hot  corrosion  using  5 mg/cra^  Na^SO),,  and  (b),  cyclic  oxidatior 
without  Na^sO^.  Severe  corrosion  of  the  NiCrAl,  NiCrAlY  and  CoCrAl 
specimens  has  occurred  in  the  hot  corrosion  test,  although  the  scale 
on  the  CoCrAl  alloy  has  only  partially  spalled. 


i 


> 

l 


CORROSION  FATIGUE  OF  4340  AND  D6AC 
STEELS  BELOW  K(scc 


C.  S.  Kortovich 

TRW  INC.,  CLEVELAND,  OHIO  44117 


- 


i 


■l 

t 


ABSTRACT 


The  corrosion  fatigue  behavior  of  low  alloy  martensitic  AISI  4340  and 
D6AC  steels  in  distilled  water  below  K|scc  was  studied.  The  results  indicated 
that  crack  growth  rates  for  both  steels  obeyed  power  law  relationships  which 
were  not  invariant  with  respect  to  each  other  or  to  results  obtained  in  an 
inert  argon  environment.  As  a result,  the  environmental  contribution  to  fatigue 
crack  growth  diminished  as  cyclic  stress  intensity  factor  range  increased. 

Activation  energy  for  corrosion  fatigue  crack  growth  in  4340  (750°F 
temper)  below  the  threshold  stress  intensity  factor  for  stress  corrosion 
cracking,  K|scc,  compared  more  favorably  with  the  value  for  hydrogen  adsorp- 
tion onto  a clean  iron  surface  than  for  hydrogen  diffusion  through  a steel 
lattice.  However,  the  values  obtained  in  this  study  indicated  that  the  rate 
controlling  factor  was  probably  not  associated  with  such  idealistic  processes. 
The  crack  growth  rates  for  4340  (750°F  temper)  increased  with  loading  time  in 
tension  and  the  trend  of  the  data  indicated  a possible  maximum  at  lower  fre- 
quencies than  those  included  in  this  investigation. 


INTRODUCTION 


The  performance  of  high  strength  steel  components  subjected  to  cyclic 
loading  has  been  observed  to  be  seriously  impaired  when  exposed  to  an  aqueous 
environment  (1,2).  This  effect  is  called  corrosion  fatigue  and  can  be 
characterized  in  terms  of  two  approaches,  the  numbers  of  stress  or  strain 
cycles  to  produce  failure,  Nf,  or  the  rate  of  fatigue  crack  growth,  da/dn, 
under  given  loading  conditions.  Studies  of  corrosion  fatigue  have  been  re- 
ported as  early  as  1917  (3),  and  utilized  primarily  the  first  of  the  two 
approaches.  More  recently,  however,  the  emphasis  has  been  shifted  to  con- 
siderations of  fatigue  crack  growth.  Two  factors  are  responsible  for  this 
change  (h) . First,  current  structural  design  procedures  utilize  fail-safe 
concepts  that  assume  the  presence  or  early  initiation  of  cracks  in  the 
structures,  and  therefore  necessitate  considerations  of  crack  growth.  Second, 
because  of  the  inability  to  clearly  separate  crack  initiation  from  crack 
growth,  Nf  data  have  failed  to  provide  information  that  is  useful  either  for 
quantitative  design  or  for  understanding  the  mechanisms  for  corrosion 
fatigue  (^). 

Corrosion  fatigue  may  be  broadly  characterized  in  terms  of  three 
general  patterns  of  behavior  as  illustrated  in  Figure  1 (5).  For  this 
figure,  K^x,  AK,  K|c  and  K|scc  refer  to  the  maximum  stress  intensity  in 
a given  fatigue  cycle,  the  cyclic  stress  intensity  factor  range,  the  plane- 
strain  fracture  toughness,  the  "thin  section"  fracture  toughness  and  the 
stress  intensity  below  which  failure  does  not  occur  under  static  load  as  a 
result  of  stress  corrosion  cracking,  respectively.  The  lower  portion  of  the 
curves  correspond  to  some  apparent  limiting  stress- intens i ty  level  for  crack 
growth,  KthresHOLD,  and  appears  to  be  related  to  the  metallurgical  structure 
(6-9)  while  the  upper  portion,  near  Kfc  or  Kc,  corresponds  to  the  onset  of 
unstable  crack  growth. 

The  three  fatigue  behavior  patterns  may  be  discussed  in  terms  of 
Kjscc*  At  one  extreme,  Type  A behavior  represents  those  steel -envi ronment 
systems  where  K|scc  approaches  K|c  or  Kc,  and  the  environmental  effects 
result  from  the  synergistic  actions  of  fatigue  and  corrosion  (5,10).  The 
environmental  effect  is  characterized  by  a reduction  of  "KthresHOLD11  for 
crack  growth  from  a to  b and  by  increased  crack  growth  rates  at  given  K^x 
or  AK  levels  compared  to  that  obtained  in  an  inert  environment.  As  K^x 
approaches  K|c  or  Kc,  the  environmental  influences  are  diminished  as  a re- 
sult of  either  the  rate  limiting  nature  of  the  hydrogen  transport  processes 
or  other  mechanical-chemical  interactions  (4). 

At  the  other  extreme,  Type  B fatigue  behavior  represents  those 
systems  with  K|scc  substantially  less  than  K|c  or  Kc  (5,10).  The  environ- 
mental effects  in  fatigue  are  quite  strong  above  K|SC(-  and  are  negligible 
below  this  level.  A broad  range  of  s tee  1 -envi ronment (and  other  alloy- 
environment)  systems  exhibit  Type  C behaviors  that  fall  between  these  two 
extremes,  with  Type  A behavior  at  K^ax  ^eve^s  below  K|scc  and  Type  B 
behavior  above  K|scc.  The  overall  behavior  of  any  particular  system  depends 
on  the  complex  interactions  between  environmental,  metallurgical  and 
mechanical  loading  variables.  Crack  growth  response  can  thus  differ  and 
provide  insight  into  the  possible  mechanisms  for  environment-enhanced  fatigue 
crack  growth. 
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The  combined  role  of  corrosion  and  fatigue  in  nucleating  cracks  and  in 
producing  accelerated  growth  below  K|scc  has  only  received  very  limited  study, 
and  only  a general  mechanism  to  explain  the  effects  is  available  (12).  Barsom 
has  found  that  cycling  below  K|scc  in  a stress  corrosive  environment  causes 
crack  growth  acceleration  that  is  dependent  on  the  loading  time  in  tension; 
hence,  the  type  of  loading  wave  form  and  not  on  the  total  time  at  maximum 
load  (12).  His  results  for  l2Ni-5Cr~3Mo  steel  showed  that  wave  forms  that 
have  a slow  rise  time  (such  as  sine  waves)  produced  an  appreciable  environ- 
mental effect,  while  waveforms  with  fast  rise-times  (such  as  square  waves) 
produced  little  or  no  environment  enhancement  of  crack  growth,  Figure  2A.  For 
this  material  the  environment  merely  displaced  the  curve  while  keeping  the  same 
functional  dependence  on  AK.  Results  obtained  by  Gallagher  on  HY80  steel  (13) 
and  Crooker  and  Lange  on  a number  of  steels  (1),  however,  differ  from  Barsom's 
with  respect  to  the  constant  ratio  of  corrosion  fatigue  to  air  fatigue  crack 
growth  rate,  Figure  2B  (1).  Since  fatigue  crack  propagation  laws  usually  in- 
volve a power  law  relationship  of  AK,  it  is  generally  believed  that  this  term 
is  the  most  significant  variable  governing  fatigue  crack  growth.  Since  Barsom's 
data  show  that  the  curves  for  crack  growth  in  an  inert  and  corrosive  environ- 
ment remain  parallel,  the  environment-metal  react*on  is  at  least  as  important 
to  crack  growth  as  AK.  When  the  curves  converge,  however,  the  effect  of  en- 
vironment becomes  diminished,  and  fatigue  crack  growth  becomes  a function 
pr imari ly  of  AK. 


Frequency  is  another  important  loading  variable  which  can  have  a signi- 
ficant effect  on  corrosion  fatigue  crack  growth  below  K|SCC.  Recent  experi- 
mental results  suggest  that  some  synergistic  effect  of  corrosion  and  fatigue 
may  be  present,  and  that  the  effect  may  be  influenced  by  both  frequency  and  by 
the  waveform  of  the  applied  load  (14,15)*  Corrosion  fatigue  crack  growth  ex- 
hibits a maximum  at  some  intermediate  frequency  depending  on  the  steel -envi ron- 
ment  system,  and  approaches  the  growth  rate  in  an  inert  environment  at  high 
frequencies  and,  presumably,  at  very  low  frequencies  (14).  The  observed 
frequency  dependence  suggests  a complex  interplay  involving  the  rata  of  pro- 
duction of  fresh  surfaces  by  fatigue,  the  kinetics  of  absorption,  the  rate  of 
repassivation,  and  the  rate  of  transport.  Further  fundamental  studies  are 
needed  for  a better  understanding  of  frequency  and  waveform  effects. 


The  purpose  of  the  present  study  was  to  develop  a model  for  explaining 
environmentally  accelerated  fatigue  crack  growth  below  K|scc  in  high  strength 
steels.  The  experimental  results  were  analyzed  to  provide  an  indication  of 
the  factors  controlling  corrosion  fatigue  and  to  determine  whether  power  law 
relationships  could  accurately  predict  corrosion  fatigue  kinetics  below  K|scc. 
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EXPERIMENTAL  PROCEDURE 


/ / i 

' t 


Commercial  heats  of  5/8"  thick  air  melted  SAE-AISI  4340  and  D6AC  steels 
with  the  following  compositions  were  used  for  the  study: 


Table  I 


Composition  of  4340  and  D6AC  Steels  (w/o) 


Meta  1 s 
Heat  3962772 


All  tests  were  conducted  on  precracked  compact  K|c  plate  specimens  0.450"  thick. 
The  specimens  were  heat  treated  prior  to  finish  machining  according  to  the  fol- 
lowing sequences: 


2. 

3- 


4340  Heat  Treatment 

Normalize  15  minutes,  salt  bath  at  1700°F,  air  cool. 
Austenitize  30  minutes,  salt  bath  at  1550°F,  oil  quench. 

Temper  in  air,  1 hour  plus  1 hour  at  750°F  or  450°F,  air  cool. 
D6AC  Heat  Treatment 


2. 

3. 


Normalize  15  minutes,  salt  bath  at  1700°F,  air  cool. 
Austenitize  20  minutes,  salt  bath  at  1500°F,  oil  quench. 
Temper  in  air,  I hour  plus  1 hour  at  850°F. 


Duplicate  room  temperature  tensile  tests  were  conducted  on  material  receiving 
these  heat  treatments  and  the  average  of  the  results  are  listed  in  iable  II. 
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Alloy  Source 
and 

Heat  No. 

C 

Si 

Mn 

Cr 

Mo 

N 1 

P 

_S Cu_ 

Fe 

V 

4340 

A1  len-Fry 
Heat  6790388 

39 

.30 

.76 

.74 

.23 

1.77 

.010 

.015  .11 

Balance 

i 

. 

D6AC 

American  A1 loy 

48  .26 

.79 

1.05 

.98 

.63 

.008 

.005 

Balance 

.10 

Table  II 


Room  Temperature  Mechanical 

Properties 

of  4340  and  D6AC 

Steels 

4340-750°F 

Temper 

4340-450°F 

Temper 

D6AC 

Ultimate  Tensile  Strength  (ksi) 

225. 1 

286.0 

239.7 

0.2%  Offset  Yield  Strength  (ksi) 

21  1.4 

233.6 

223.8 

% Elongation 

12.4 

11.5 

9-8 

% Reduction  Area 

47.4 

47.8 

35.4 

Rockwell  C Hardness 

43.7 

48.4 

47.8 

In  order  to  determine  K|scc  for  these  various  materials,  sustained  load 
delayed  failure  tests  were  conducted  on  self-leveling  lever-loaded  Satec  creep 
rupture  machines  in  distilled  water  at  32°F,  room  temperature  and  212°F  for 
4340  - 750°F  temper  and  room  temperature  for  4340  - 450°F  temper  and  D6AC. 

Load  control  corrosion  fatigue  tests  were  performed  on  an  Instron 
tensile  testing  machine  using  various  AK  levels  depending  on  the  alloy  and 
heat  treatment,  and  at  frequencies  of  2.4  and  24  cpm.  The  cyclic  loading  mode 
was  tension-tension  below  K|scc-  Crack  growth  kinetics  were  determined  with  a 
cantilever  beam  clip  gauge  designed  for  these  single-edge  notch  specimens.  The 
compliance  was  measured  by  strain  gauges  attached  to  the  upper  and  lower  faces 
of  the  gauge  beam  with  the  strain  bridge  output  being  fed  into  a Datronic 
amplifier  and  then  into  a Moseley  single  pen  recorder.  Crack  growth  characteri- 
stics were  measured  by  recording  changes  in  the  specimen  compliance  for  test 
conditions  involving  an  inert  atmosphere  of  dehumidified  argor.  at  room  tempera- 
ture and  distilled  water  at  32°F,  room  temperature  and  212°F.  The  dehumidified 
argon  atmosphere  was  obtained  by  passing  the  inert  gas  through  a column  of 
magnesium  perchlorate  before  entering  the  sealed  plexigalss  environmental  test 
chamber.  Barsom  (12)  has  observed  that  environmental  effects  in  corrosion 
fatigue  near  or  below  K|scc  do  not  occur  during  th?  constant-load  portion  of 
each  load  excursion.  Therefore,  a varying  load-time  profile  was  established 
for  this  study. 


RESULTS  AND  DISCUSSION 


Frequency  and  Temperature  Effects 

The  frequency  and  temperature  effects  were  studied  by  tension-tension 
fatigue  tests  conducted  under  load  controlled  conditions  in  distilled  water 
at  32°F,  room  temperature  and  212°F  utilizing  4340  in  the  750°F  temper  condi- 
tion. The  fatigue  crack  growth  kinetics  as  a function  of  AK  are  shown  in 
Figures  3"5*  The  bar  across  each  curve  indicates  where  K^x  exceeded  K|scc 
as  the  crack  grew  into  the  specimen.  Because  of  the  geometry  of  the  compact 
K|c  plate  specimens  used  in  this  study,  K at  the  crack  tip  increases  as  the 
crack  travels  and  hence,  after  a period  of  time  went  above  K|scc. 

The  damaging  effect  of  room  temperature  distilled  water  on  fatigue 
crack  growth  rate  is  dramatically  shown  In  Figure  4,  which  includes  test  re- 
sults for  4340  steel  ( 750° F temper)  tested  in  room  temperature  dehumidified 
argon.  Considering  the  argon  to  be  an  inert  nonaggressive  reference  environ- 
ment, the  deliterious  effect  of  the  water  on  fatigue  crack  growth  behavior  can 
be  readily  seen  by  the  fact  that  growth  rates  below  K|scc  are  approximately 
two  orders  of  magnitude  higher  in  water  and  approximately  one  order  of  magni- 
tude higher  at  loads  above  K|scc- 

Frequency  of  applied  load  and  environment  temperature  had  a consider- 
able effect  upor.  the  interaction  between  the  fatigue  and  environmental  pro- 
cesses. For  all  three  temperatures,  as  frequency  decreased  the  fatigue  crack 
growth  rate  increased  in  magnitude  indicating  that  the  time-dependent  action 
of  the  corrosive  environment  had  more  influence  than  the  cycle  dependent 
fatigue  damage  alone.  A number  of  investigators  have  observed  this  frequency 
effect  in  various  steels  tested  in  a variety  of  environments  (4,12,16,17,18) 
at  loads  both  above  and  below  K|scc.  These  results  have  been  explained  in 
terms  of  Troiano's  hydrogen  embrittlement  theory  (19)  which  requires  a critical 
combination  of  triaxial  stress  and  hydrogen  concentration  in  the  region  of 
maximum  stress  triaxial ity.  At  lower  frequencies,  more  time  per  cycle  is 
available  for  the  hydrogen  to  diffuse  to  the  region  of  maximum  stress  tri- 
axial ity  and  hence  to  enhance  the  crack  growth  process.  It  is  suggested  that 
the  same  explanation  is  applicable  in  the  present  study  involving  low  alloy 
martensitic  4340  steel  tested  in  a distilled  water  environment  at  initial 
loads  below  K|scc. 

Comparison  of  Figures  3-5  also  indicates  that  the  severity  of  environ- 
mental embrittlement  in  this  high  strength  steel  was  also  quite  temperature 
deoendent,  particularly  for  loads  below  K|scc.  This  effect  was  greatest  for 
the  lower  test  frequency,  2.4  cpm.  As  test  temperature  increased  from  32°F  to 
212°F,  the  crack  growth  rate  below  K|scc  increased  by  approximately  one  and 
one  half  orders  of  magnitude.  At  the  24  cpm  test  frequency,  the  effect  below 
K|scc  was  slightly  less,  with  the  crack  growth  rate  increasing  approximately 
one  order  of  magnitude  for  the  same  temperature  range.  While  the  detailed 
mechanism  for  this  temperature-frequency  enhanced  environmental  failure  is  not 
completely  understood,  it  is  suggested  that  temperature  increases  the  reaction 
rates  for  the  various  processes  associated  with  failure,  including  the  hydrogen 
generating  metal -envi ronment  reaction,  the  transfer  processes  enabling  hydrogen 
to  enter  the  specimen  and  finally  the  stress  induced  lattice  diffusion  of 
hydrogen  to  the  front  of  the  crack  tip.  Both  of  these  frequency  and  temperature 
effects  were  observed  in  a previous  study  of  4340  steel  tested  under  load  condi- 
tions entirely  above  K|scc  (16). 
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2. 


Tempering  Temperature  and  Composition  Effects 


Tempering  temperature  and  composition  effects  were  studied  by  fatigue 
tests  at  2**  cpm  with  initial  K below  Kiscc  in  room  temperature  distilled  water 
and  dehumidified  argon  utilizing  4340  (750°F  and  450°F  temper)  and  D6AC.  The 
fatigue  crack  growth  kinetics  as  a function  of  AK  are  shown  in  Figure  6.  In 
the  inert  atmosphere,  there  appeared  to  be  little  difference  in  fatigue  be- 
havior between  the  three  materials,  at  least  until  high  values  of  AK  were 
reached.  This  would  indicate  that  fatigue  crack  growth  was  primarily  a func- 
tion of  AK,  and  not  of  either  tempering  temperature  or  composition. 

There  was,  however,  an  appreciable  environmental  effect  which  extended 
from  the  region  below  Kjsct  into  the  region  above  K|SrC  which  indicated  that 
4340  in  the  450°F  temper  was  most  susceptible  while  DoAC  was  the  least  sus- 
ceptible to  environmental  embrittlement.  The  effect  of  tempering  temperature 
has  been  attributed  to  the  influence  of  yield  strength  on  a material's  basic 
ability  to  resist  hydrogen  embrittlement  (17).  Rowland  has  observed  that  the 
sharpness  of  a crack  tip  decreases  as  the  yield  strength  of  a material  de- 
creases due  to  the  increase  in  the  amount  of  plastic  deformation  caused  by  the 

lack  of  a plane  strain  situation  (17)-  As  shown  by  Troiano,  the  point  of 
maximum  stress  triaxiality  and  hence,  the  origin  of  cracks  in  hydrogen  embrit- 
tled material,  is  closer  to  the  base  of  a sharp  notch  or  crack  than  in  the 

case  of  a blunt  crack  (19).  Thus,  the  lower  the  yield  strength  of  the  material, 
the  further  away  from  the  crack  tip  is  the  point  of  maximum  stress  triaxiality. 
This  means  that  the  hydrogen  must  diffuse  further  in  the  low  than  in  the  high 
yield  strength  material  to  reach  the  critical  region  of  maximum  stress  tri- 
axislity.  In  addition,  the  lower  yield  strength  material  has  an  inherent 
toughness  of  its  own  due  to  its  ability  to  plastically  deform.  Hence,  the 
observed  decrease  in  the  severity  of  room  temperature  environmental  embrittle- 
ment in  the  750°F  temper  4340  material  (211.4  ksi  yield  strength)  compared  to 
the  450°F  temper  4340  material  (233.6  ksi  yield  strength). 

Using  the  yield  strength  criterion  discussed  previously,  the  corrosion 
fatigue  characteristics  of  D6AC  (223.8  ksi  yield  strength)  should  have  fallen 
roughly  in  between  those  of  the  two  4340  temper  conditions.  However,  the  D6AC 
was  more  resistant  than  the  4340,  indicating  the  significance  of  composition. 
These  results  confirm  the  importance  of  higher  Mo  (20)  and  Cr  (20,21)  for 
enhanced  resistance  to  environmental  embrittlement  in  D6AC  as  well  as  other 
high  strength  steels. 

3.  Predictability  of  Experimental  Results 

For  loading  below  K|scc,  a number  of  observers  have  suggested  the  power 
law  relationship  first  developed  by  Paris  (22)  for  sinusoidal  loading  in  an  air 
envi ronment, 


da/dn  s A ( AK) n 

where  a ■ crack  length,  inches 

n ■ number  of  cycles 

AK  s stress  intensity  factor  range,  ksi  /in. 
A and  n are  Constants  for  a given  material 
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The  exponent  n can  be  evaluated  from  the  slope  of  the  log-log  plot  of  test  data. 
Both  Faris,  testing  in  air,  and  Barsom  (12),  testing  in  salt  water,  found  n to 
be  invariant  for  test  data  gathered  from  a wide  variety  of  materials.  Paris' 
value  for  n was  b while  Barsom’s  value  was  2.25-  For  these  results  the  environ- 
ment only  influenced  the  constant  A and  therefore  merely  displaced  the  curve 
while  keeping  the  same  functional  dependence  on  AK.  Other  investigators  have 
found,  however,  that  n is  not  an  invariant  interger  for  the  environment-material 
systems  studied,  but  rather,  is  inversely  related  to  the  fracture  toughness  of 
the  material  (1,17,23).  Hence,  it  was  suggested  that  any  attempts  to  describe 
the  crack  growth  behavior  of  a wide  variety  of  material*  with  an  invariant 
power  law  should  be  subjected  to  careful  scrutiny. 

As  shown  in  the  log-log  plots  of  Figure  6 for  b3b0  (750°F  and  i*50°F  temper) 
and  D6AC  steels  tested  in  room  temperature  distilled  water  and  dehumidified  argon 
at  lb  cpm,  the  portions  of  the  curves  below  K|scc  do  follow  a power  law  relation- 
ship. In  the  inert  dehumidified  argon  atmosphere  an  approximate  slope  (n  value) 
of  A . 1 9 was  obtained  for  all  three  materials  and  the  crack  growth  rates  were  quite 
similar.  In  the  distilled  water  environment  the  crack  growth  rates  were  different 
for  each  material  but  also  followed  a power  law  relationship  below  K|scc*  The 
slopes,  however,  were  not  invariant,  ranging  from  1.08  for  DbAC  to  0.9  for  ^3^*0 
in  the  A50°F  temper  to  0.391  for  b3b0  in  the  750°F  temper.  This  indicated  that 
as  AK  increased,  the  curves  below  K|scc  for  each  material  tested  in  water  ap- 
proached those  for  material  tested  in  the  inert  environment.  Thus,  as  AK  in- 
creased the  environmental  contribution  towards  fatigue  crack  propagation  diminished 
slightly  but  remained  the  predominant  factor,  however,  because  the  crack  growth 
curves  in  water  never  met  the  corresponding  curves  in  the  inert  atmosphere. 

Comparison  of  these  results  with  other  data  for  different  steel-envi ronment 
systems  (1,17,23)  revealed  that  the  slopes  in  the  present  study  were  smaller.  This 
suggested  that  the  A3^0  and  D6AC  steel-distilled  water  system  was  characterised  by 
environmental  contributions  to  fatigue  crack  growth  which  diminished  more  rapidly 
with  increases  in  AK  than  in  the  other,  more  aggressive  environments.  In  addition 
to  this,  the  fact  that  the  slopes  were  not  invariant  agreed  with  the  results  of 
Crooker  and  Lang  (1),  Rowlands  (17),  Gallagher  (13)  and  Miller  (23),  as  opposed 
to  the  results  of  Barsom  (12)  and  Paris  (22)  in  which  the  slopes  were  invariant 
and  the  environmental  contribution  remained  constant  with  increasing  AK. 

Both  tempering  temperature  and  composition  had  an  effect  upon  the  slopes 
of  these  curves.  For  the  ^3^0  steel,  n decreased  with  the  yield  strength  indicat- 
ing that  the  environmental  contribution  to  crack  growth  diminished  more  rapidly 
with  the  lower  yield  strength  material.  As  is  also  evident  from  Finure  6 the 
environmental  embrittlement  was  less  severe  in  the  lower  yield  strength  43^0. 

Both  the  embrittlement  behavior  and  change  in  n with  respect  to  yield  strength 
have  also  been  observed  in  other  steel-environment  systems  (17).  Of  the  three 
materials  D6AC  exhibited  the  highest  n value,  1.08.  Thus,  although  characterized 
by  increased  resistance  to  environmental  embrittlement,  ( also  exhibited  a 
lesser  tendency  for  this  embrittlement  to  diminish  with  an  increase  in  AK. 

b.  Corrosion  Fatigue  Cracking  Activation  Energy 

The  activation  energy  for  corrosion  fatigue  crack  growth  rate  was  deter- 
mined by  plotting  the  logarithm  of  the  growth  rate  at  a function  of  the  reciprocal 
of  the  absolute  temperature.  The  results  for  crack  growth  rates  at  lb  cpm, 
obtained  from  Figures  3"5  are  shown  in  Figure  7 for  AK  ■ 13  ksi  /in.  (below 
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K|scc)  and  AK  “ 20  ksi  /in.  (above  K|scc).  For  comparative  purposes  the  5200 
cal/mole  which  corresponds  to  the  activation  energy  for  hydrogen  adsorption 
onto  a clean  iron  surface  (24)  and  the  9000  cal/mole  which  corresponds  to  the 
activation  energy  for  hydrogen  diffusion  through  a lattice  (25.26,28)  are  also 
presented  in  the  figure.  Activation  energy,  Q,  is  obtained  from  the  slopes  of 
these  plots.  Results  for  crack  growth  below  K|scc  (Q  = 3710  cal/mole)  and  for 
growth  above  K|scc  (Q  ■ 3000  cal/mole)  were  closer  to  the  5200  cal/mole  value 
for  surface  adsorption  of  hydrogen  than  for  hydrogen  diffusion.  While  this 
ruled  out  lattice  diffusion  as  the  possible  rate  controlling  factor,  it  also 
indicated  that  surface  hydrogen  adsorption  was  too  simplistic  a mechanism. 

The  actual  mechanism  is  more  likely  a complex  surface  process  consisting  of 
the  hydrogen  generating  metal -envl ronment  reaction,  the  alternate  formation 
and  penetration  of  protective  surface  films  and  the  transfer  processes  enabling 
hydrogen  to  enter  the  material  (molecular  phys i sorption  and  dissociation,  atom 
surface  migration  and  chemisorption  and  atom  solution). 

5.  Influence  of  Loading  Time  on  Corrosion  Fatigue  Below  K|scc 


For  environment-enhanced  fatigue  crack  growth  below  K|scc,  a number  of 
investigators  have  shown  that  wave  form  can  have  a significant  and  unusual  ef- 
fect (12,15).  These  results  showed  that  waveforms  that  have  a slow  load  rise 
time  (such  as  sine  waves)  produced  full  environmental  effect,  while  waveforms 
with  fast  load  rise-times  produced  little  or  no  environmental  enhancement  of 
crack  growth.  The  rate  of  environment-enhanced  fatigue  crack  growth  exhibited 
a maximum  at  some  intermediate  frequency  depending  on  the  s tee 1-envi ronment 
system,  and  approached  the  growth  rate  at  high  frequencies  and,  presumably,  at 
very  low  frequencies  (14).  These  data  indicated  that  the  time  during  which  the 
tensile  load  increases  controls  the  crack  growth  acceleration,  with  the  greater 
time  yielding  the  greatest  degree  of  embrittlement.  However,  the  increase  in 
crack  growth  rate  with  increased  time  in  the  tensile  loading  cycle  cannot  con- 
tinuously increase  since  very  long  loading  times  approach  static  loading  where 
no  environment  effect  exists. 

In  order  to  determine  the  effect  of  loading  time  in  tension  on  cyclic 
crack  growth  rate  below  K|scc,  tens  ion-tens  ion  fatigue  tests  at  three  fre- 
quencies in  room  temperature  distilled  water  were  conducted  utilizing  4340 
steel  in  the  750°F  temper  condition.  The  crack  growth  rates  have  been  plotted 
for  these  tests  as  a function  of  AK  in  Figure  4.  These  crack  growth  data  are 
replotted  in  Figure  8 as  a function  of  loading  time  in  tension  for  AK  at  13  ksi 
/in T (below  K|scc).  Although  a maximum  was  not  obtained  in  the  curve,  the  fact 
that  the  slope  steadily  decreases  indicates  that  the  plot  may  go  through  a 
maximum  beyond  20  seconds/cycle  loading  time  in  tension,  or  a frequency  of  1.5 
cpm.  The  trend  of  the  present  date  on  low  alloy  martensitic  4340  steel  compares 
favorably  with  the  frequency  effects  observed  in  1 2N i ~5Ci — 3Mo  maraglng  steel  (12), 
HY-80  steel  (13)  and  RQ-360A  steel  (15).  Wei  suggests  that  the  observed  fre- 
quency dependence  below  K|scc  implies  a complex  interplay  involving  the  rate  of 
production  of  fresh  surfaces  by  fatigue,  the  kinetics  of  hydrogen  adsorption, 
the  rate  of  repassivation  and  the  rate  of  hydrogen  transport  (4).  Further  funda- 
mental studies  are  needed  to  separate  and  analyze  the  importance  of  these  process 
rates  for  better  understanding  of  these  frequency  effects. 


SUMMARY 


Experiments  were  conducted  to  study  the  corrosion  fatigue  of  high 
strength  AISI  and  D6AC  steels  below  K|  in  a distilled  water 

environment.  The  investigation  included  a study  of  the  frequency,  environ- 
ment temperature,  tempering  temperature  and  composition  effects  as  well  as 
the  predictability  of  crack  growth  rates  by  power  law  relationships,  crack 
growth  activation  energies  and  the  effect  of  loading  time  in  tension  on 
crack  growth  rates.  In  order  to  evaluate  these  characteristics  below  Klscc, 
sustained  load  tests  were  conducted  In  a distil1 ed  water  environment  to  * 
determine  K|scc  and  were  combined  with  fatigue  tests  with  initial  loading 

below  Ki 

1 see 

Comparison  of  the  crack  growth  kinetics  for  environmentally  acceler- 
ated fatigue  with  those  for  fatigue  in  the  inert  dehumidified  argon  atmosphere 
illustrated  the  degrading  influence  of  the  aqueous  environment.  The  effect 
became  more  pronounced  as  frequency  decreased  and  temperature  increased.  At 
any  given  frequency  the  corrosion  fatigue  crack  growth  rates  were  at  least 
one  order  of  magnitude  greater  than  the  cycle  dependent  argon  fatigue  crack 
growth  rates,  indicating  tnat  the  kinetics  were  controlled  primarily  by 
environmental  attack.  At  lower  frequencies  more  time  per  cycle  was  available 
for  the  hydrogen  to  diffuse  to  the  region  of  maximum  stress  triaxiality  and 
hence  to  enhance  the  crack  growth  process.  Temperature  increased  the  reaction 
rates  for  the  various  processes  associated  with  failure,  including  the 
hydrogen  generating  metal -environment  reaction,  the  transfer  processes 
enabling  hydrogen  to  enter  the  specimen  and  finally  the  stress  induced 
lattice  diffusion  of  hydrogen  to  the  front  of  the  crack  tip. 

Tempering  temperature  and  composition,  while  not  affecting  the  fatigue 
properties  of  A3A0  and  06AC  in  the  inert  argon  environment,  had  a considerable 
effect  on  the  embrittlement  characteristics  in  distilled  water.  43^0  steel 
in  the  450° F temper  condition  was  most  susceptible  while  DbAC  was  the  least 
susceptible.  This  was  explained  in  terms  of  the  higher  yield  strength  of  the 
A50”F  temper  A3A0  steel  and  the  higher  Mo  and  Cr  content  of  the  D6AC  steel  . 

Both  the  A3A0  and  D6AC  steels  exhibited  crack  growth  behavior  below 
K|scc  which  followed  a power  law  of  the  form  da/dn  ■ AAKn.  The  slopes  of  the 
lines,  however,  were  not  invariant  in  distilled  water,  but  decreased  compared 
to  the  slope  for  those  materials  tested  in  argon.  This  indicated  that  as  AK 
increased,  the  environmental  contribution  towards  fatigue  crack  propagation 
diminished.  These  results  agreed  with  those  observed  by  Crooker  and  Lang  (1), 
Gallagher  (13),  and  Miller  (23).  Both  tempering  temperature  and  composition 
had  an  effect  upon  the  slopes  of  these  curves.  For  4340 , the  slope  decreased 
with  yield  strength  indicating  that  the  environmental  contribution  to  crack 
growth  diminished  more  rapidly  with  the  lower  yield  strength  material  . Although 
characterized  by  increased  resistance  to  environmental  embrittlement,  D6AC  was 
also  characterized  by  a decreased  tendency  for  this  embrittlement  effect  to 
diminish  with  an  increase  in  AK. 

The  activation  energy  for  corrosion  fatigue  crack  growth  rate  above 
and  below  K| s^r  compared  more  favorably  with  the  value  for  hydrogen  adsorption 
onto  a clean  iron  surface  than  for  hydrogen  diffusion  through  a steel  lattice. 
However,  the  values  obtained  in  this  study  indicated  that  the  rate  controlling 
factor  was  probably  not  associated  with  such  idealistic  processes.  The  corrosion 
fatigue  crack  growth  rates  for  434 0 steel  in  the  750°F  temper  condition  Increased 
with  loading  time  in  tension  and  the  trend  of  the  data  Indicated  that  a maximum 
point  may  be  reached  at  lower  frequencies  than  those  included  in  this  investigation. 
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The  trends  of  advanced  performance  aerospace  systems  toward  high  tempera- 
ture operation  have  led  to  the  development  of  both  metals  and  fluid  lubricant  mater- 
ials over  the  past  decade  that  are  capable  of  withstanding  stringent  thermal  and  oxi- 
dative stresses  without  undergoing  appreciable  degradr.tion.  However,  in  the  gas 
turbine  engine  oil  area  high  thermal  and  oxidative  stability  must  also  be  accompanied 
by  other  specific  attributes  such  as  metal  compatibility,  lubricity,  and  reasonable 
rheological  properties  at  low  temperatures.  This  lias  presented  a problem,  for 
example,  in  the  case  of  the  polyphenyl  ethers  typified  by  the  5P4E  structure.  They 
have  outstanding  oxidative  and  thermal  stability  but  are  unfortunately  accompanied 
by  poor  low  temperature  flow  characteristics  and  poor  lubricating  capability  (without 
additives!  which  fall  short  of  meeting  gas  turbine  engine  oil  needs.  Currently  used 
silicones  have  excellent  rheological  properties,  fairly  good  lubricating  capabilities, 
but  were  found  to  be  lacking  in  moderately  high  (428°F  to  465°F)  temperature  oxi- 
dative environment.  Another  class  of  fluids  that  appeared  to  provide  most  of  the 
above-mentioned  properties  consisted  of  a series  of  polymeric  perfluorinated  polyether 
fluids  that  also  provided  chemical  inertness,  complete  nonflammability,  and  non- 
sludging or  lacquer  formation  tendencies.  The  first  of  these  known  as  the  "Krytox" 
oils  was  produced  by  duPont  with  varying  molecular  weight  ranges  and  was  recommended 
for  use  in  applications  such  as  high  temperature  hydraulic  fluids  and  gas  turbine  engine 
oils.  Their  fluid  range  was  not  fully  acceptable  becaus  e of  a sacrifice  of  proper 
fluidity  at  -20°F  to  maintain  reasonable  viscosity  above  1.0  centistoke  at  500°F  and 
sufficient  volatility  at  400°F.  It  was  also  demonstrated  by  former  workers  in  this 
laboratory  that  these  fluids  could  be  inhibited  with  additives  (solubility  sometimes 
difficult)  to  increase  their  useful  range  at  high  temperatures  by  approximately  100°F. 

A similar  fluid  was  also  commercially  produced  by  another  manufacturer  at  a later 
date.  This  technology  was  further  extended  by  duPont  by  synthesizing  the  perfluoro- 
aklylpolyether  with  one  or  more  triazine  structures  included.  The  fluids  described 
above  were  evaluated  with  metals  of  interest  under  oxidation  corrosion  conditions  from 
500°F  up  to  700°F. 

In  the  metals  area  the  Metals  and  Processing  Branch  of  the  Metals  and  Ceram- 
ics Division,  Air  Force  Materials  Laboratory,  efforts  were  directed  toward  develop- 
ing bearing  materials  with  superior  elevated  temperature  properties  over  900°F. 

One  of  the  most  commonly  used  bearing  steels,  52100,  could  no  longer  be  considered 
in  this  high  temperature  regime  (1000°F)  because  of  a rapid  loss  of  hardness  and 
dimensional  stability.  Hot  worked  die  steels  and  high  speed  tool  steels  met  the 
requirements  for  aircraft  bearings  with  only  varying  degrees  of  success.  As  a 
result  of  the  work  carried  out  by  Crucible  Steel  under  AFML  contract,  a prototype 
high  temperature  alloy  designated  WB-49  was  developed  for  aircraft  bearing 
application  over  900°F.  This  technology  was  extended  to  incorporate  corrosion 
resistance  to  the  already  attained  high  initial  hardness,  adequate  temper  resistance 
(in  the  range  of  600°F  and  900°F)  , and  good  dimensional  stability  of  the  alloy.  This 
composition  designated  as  WD-65  was  recommended  for  use  as  a corrosion  resistant 
bearing  steel  for  500  hours  of  operation  at  temperatures  up  to  900°’"'. 

Since  the  perfluorinated  fluids  had  been  shown  to  have  outstanding  thermal  and 
chemical  stability  at  high  temperature,  their  interaction  with  high  temperature 
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metals  that  they  might  encounter  was  of  immediate  interest.  Several  concurrent 
studies  were  carried  out  when  the  fluids  were  first  introduced  with  emphasis  on 
oxidation  stability  and  metal  corrosion  tendency.  One  of  these  was  performed  by 
duPont  in  a semi  micro  oxidation-corrosion  test  rig.  This  study  showed  that  the 
perfluoroalkylpolyether  fluid,  then  identified  as  PR'  143  could  be  used  without 
deleterious  effects  up  to  550°F  on  most  400  series  stainless  steels,  a high  speed 
tool  steel  and  the  bearing  steels  such  as  M-l,  M-50,  52100  and  WB-49.  It  was  also 
noted  that  above  600°F,  several  of  the  frequently  used  titanium  alloys  caused  severe 
degradation  to  the  PR -143  fluid  even  in  the  absence  of  oxygen.  An  unexpected 
improvement  up  to  650°F  in  corrosion  behavior  of  the  bearing  steels  M-l,  M-50, 
and  WB-49  was  observed  when  these  materials  were  hardened  and  configured  for 
use  in  ball  bearing  hardware  instead  of  the  washer  shaped  metal  specimens  normally 
used  in  current  oxidation-corrosion  testing. 

Laboratory  investigations  conducted  by  this  laboratory  on  the  perfluoroalkyl- 
polyether fluid  utilizing  slightly  different  oxidizing  conditions  showed  a considerable 
corrosive  effect  on  most  ferrous  metals  and  certain  titanium  alloys  at  550  F and 
above.  Included  in  these  ferrous  alloys  were  M-l,  M-10,  52100,  and  440  C th.?t 
were  included  in  the  previously  described  program. 

A more  recent  evaluation  of  the  interaction  between  M-50  and  WD-65  aircraft 
bearing  steels  and  perfluoroalkylpolyether  gas  turbine  engine  oil  grade,  by  this  time 
identified  as  Krytox  143  AC,  was  performed  by  the  Air  Force  Aero  Propulsion  Lab- 
oratory. The  conditions  were  again  of  the  oxidation-corrosion  variety  conducted  in 
accord  with  the  Coordinating  Research  Council  (CRC)  procedure  L-53-368  at  644°F  for 
48  hours.  This  test  method  was  the  forerunner  of  the  current  Method  5307  for  Federal 
Test  Method  Standard  791b  used  to  evaluate  the  oxidation  stability  of  candidate  gas 
turbine  engine  oils  directed  toward  the  requirements  of  specification  MIL-L-27502. 
Both  metals  suffered  excessive  corrosion  by  our  current  standards  with  the  M-50 
appearing  worse  than  the  WD-65  with  the  naked  eye  and  under  the  microscope.  The 
M-50  showed  a coated,  very  rough  and  pitted  surface  while  the  WD-65  was  only  coated 
and  not  as  rough  (Table  I)  . Based  on  previous  experience  within  this  laboratory  and 
that  of  outside  workers  reviewed  herein,  these  results  could  be  expected  at  the  test 
temperature  that  was  selected.  However,  since  these  high  temperature  alloys  were 
considered  to  be  the  aircraft  bearing  steels  of  the  future  and  similarly  the 
perfluorinated  fluids  were  considered  to  be  the  future  high  temperature  class  of 
lubricants,  the  question  arose  as  to  the  mutual  compatibility  of  these  materials  under 
severe  projected  use  conditions.  In  order  to  answer  this  compatibility  question  with  a 
relative  degree  of  ceitainty,  a study  was  conceived  utilizing  the  micro  oxidation- 
corrosion  test.  This  method,  whLh  has  previously  been  used  in  high  temperature 
fluid  studies,  incorporates  the  severity  and  repeatability  necessary  to  reliably  project 
the  interaction  of  both  metals  and  perfluorinated  fluids  at  high  temperatures.  The  data 
accumulated  in  this  study  are  reported  herein. 
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TABLE  I 

TEST  RESULTS  FROM  A REFLUX  OXIDATION -CORROSION  TEST 

48  HOURS  <a644°F 

PROCEDURE:  CRC  DESIGNATION  L-53-368  (FTMS791b,  METHOD  5309) 


METAL  SPECIMEN  DATA:  DESCRIPTION: 


Weight  Change 


mg/cm^ 

WD-65 

Before  cleaning 

+0.96 

Dark  brown  and  black  coating 

After  electrocleaning 

-1.54 

Rough 

M-50: 

Before  cleaning 

+ 1.42 

Dark  brown  and  black  coating 

After  electrocleaning 

-0.  72 

Very  rough  and  pitted 

NOTE:  Pretoct  appearance  both  specimens: 

Bright,  shiny  and  polished  finish 
Approx:  5/*  in.  rms 


Oxidation-corrosion  (o-c)  studies  were  performed  under  two  basic  conditions 
with  the  perfluor inated  fluids  identified  below: 


Sample  Identity 


Fluid  Identity 


MLO-73  -20 
MLO-73  -21 
MLO-73-22 
MLO-73  -23 


Perfluoroalkylpolyether , from  manufacturer  Nr  1 
Inhibited  perfluoroalkylpolyether 
Perfluoroalkylpolyether  (HFPO)  triazine 
Perfluoroalkylpolyether,  from  manufacturer  Nr  2 


These  fluids  were  furnished  as  laboratory  samples  from  interested  suppliers  and 
are  not  necessarily  typical  of  fluids  that  would  be  supplied  on  a full  scale  production. 
The  assumption  is  made  that  refinements  and  improvements  on  the  finished  product 
would  be  incorporated  in  scaling  up  from  the  laboratory  bench  to  larger  scale  manu- 
facturing. 


All  investigations  were  made  in  micro  scale  apparatus.  When  dissimilar  metal 
specimens  were  employed,  the  glassware  configuration  contained  a condenser  for 
refluxing  fluid  vapors.  When  ferrous  metals  were  tested,  the  condenser  was  replaced 
with  a side  arm  adapcer  in  an  "overboard"  configuration  which  allowed  for  collecting 
and  measurement  of  condensed  fluid  vapors.  All  metal  specimens  were  separated  by 
glass  spacers  as  illustrated  in  Figure  1. 
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The  metal  specimens  were  selected  from  combinations  previously  evaluated 
in  perfluoroalkylpolyether  fluid  (their  compositions  where  possible  are  covered  by 
federal,  military,  or  industrial  specifications  as  listed  on  Table  II).  The  term 

TABLE  11 

METAL  TEST  SPECIMEN  IDENTITIES 

Test  Specimen  Identity 

Specification 

Dissimilar 

Titanium,  6 A1-4V 

MIL-T-9046,  titanium  and  titanium 
alloy  sheet,  strip  and  plate,  type  III, 
composition  C 

Aluminum,  2024 

QQ-A -250/4,  aluminum  alloy  2024, 
plate  and  sheet 

Tool  Steel,  M-  1 0 

AiSI,  Type  1/1-10,  machined  from 
bar 

Silver 

MIL-S-132  82,  electrolytic,  99.9, 
Grade  A 

301  Corrosion  Resistant 

MIL-S-5059,  Type  301,  Half  Hard 

Ferrous 

4140  Steel  Alloy 

Steel  alloy,  grade  4140  machined 
from  annealed  bar 

52100 

MIL-S-7430B,  Grade  E,  from 
annealed  strip 

410 

Stainless  steel.  Type  410  from 
annealed  sheet 

M-50,  Tool  Steel 

AMS  6490A,  Grade  M-50  from 
annealed  sheet 

440C 

QQ-S-763,  Type  440-C  machined 
from  annealed  bar 

"dissimilar"  metals  refers  to  a specific  metal  combination  that  includes  two  ferrous 
metals.  The  washer  type  specimens  of  WD-65  alloy  were  furnished  for  this  evalua- 
tion by  the  Metals  and  Processing  Branch  (LLM)  of  the  Metals  and  Ceramics  Divi- 
sion of  AFML.  They  are  identified  below: 
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Identity 

WD-65 

WD-65-53 


Source 

Colt  Industries,  Crucible  Inc.,  - fully  hardened 
at  heat  treatment  to  Rockwell  C "65.  5" 

Federal  Mogul  - did  not  fully  harden  at  heat 
treatment  - Rockwell  C "53" 


Washer-shaped  specimens  of  the  material  from  both  sources  were  heat  treated  as 
follows: 

Preheat  at  1550“F/5  min. 

Austenitize  at  2190°F/2  min;  quench  into  salt  at  1000/5  min;  air  cool  to 
room  temperature 

Refrigerate  at  -100°F/30  min. 

Triple  temper  at.  1000°F/2  hr.  with  refrigeration  step  (-100°F/30  min) 
between  each  tempering  step. 

The  final  hardnesses  were  Rockwell  "C"  65.5  for  the  Colt  Industries,  Crucible 
Inc.,  material  and  Rockwell  "C"  53  for  the  Federal  Mogul  material.  The  reasons 
for  the  Federal  Mogul  material  not  responding  to  the  above  heat  treatment  cycle  have 
not  been  explored. 

The  WD-65  and  WD-65-53  specimens  were  investigated  alone  in  each  fluid  and 
inserted  into  each  combination  of  dissimilar  and  ferrous  metals,  first  to  determine 
single  metal  activity  and  second  to  determine  the  degree  of  interaction  of  both  WD- 
65's  with  the  metal  combinations  normally  used  in  oxidation-corrosion  studies  and 
the  fluids  in  question. 

The  failure  criteria  chosen  for  this  study  were  essentially  the  same  as  those 
used  in  previous  perfluoroalkylpolyether  fluid  studies.  Attack  on  the  metal  speci- 
mens (either  weight  gain  by  deposition  or  weight  loss  by  corrosion)  was  considered 
excessive  if  the  observed  change  was  greater  than  0.2  milligrams  per  square  centi- 
meter of  specimen  area  over  the  original  weight.  Fluid  deterioration  criteria  were 
derived  from  the  limits  set  for  long-term  gas  turbine  engine  oil  goals  as  shown 
below: 


Total  acid  number  4.0  max 

Viscosity  change  @ 100*F,  % ±25.0  max 

No  oxidation-corrosion  test  was  carried  beyond  700*F  since  this  is  beyond  the  pro- 
jected limit  for  the  perfluoroalkylether  fluids  due  to  viscosity  and  volatility  charac- 
teristics. 

Oxidation-corrosion  data  obtained  with  the  perfluoroalkylpolyether,  MLO-73- 
20,  and  the  various  metals  are  summarized  on  Table  III.  The  reactivity  of  WD-65-53 
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by  itself  was  nil  until  650  °F  was  reached.  At  this  temperature  attacks  on  all  the 
specimens  were  excessive  with  deposition  ranging  from  heavy  biack  to  a heavy 
multi-colored  (peacock)  appearance.  Degradation  of  the  fluid  was  minimal  at  all 
temperatures,  which  was  the  rule  rather  than  the  exception  with  other  fluids.  Fluid 
condition,  therefore,  will  be  considered  within  the  prescribed  limits  unless  other- 
wise stated  throughout  the  remainder  of  this  report.  The  WD-65  by  itself  demon- 
strated erratic  behavior  at  550°F  but  through  575®F  and  600*F  appeared  nonreactive 
before  it  finally  failed  completely  at  650  *F  (showing  heavy  black  deposits).  This 
erratic  behavior  had  been  observed  at  the  lower  temperature  by  other  investigators. 

The  WD-65-53  with  dissimilar  metals  in  the  MLO-73-20  fluid  did  not  show 
corrosive  attack  at  500 *F.  Corrosion  began  to  develop  at  550 *F  along  with  aluminum 
and  titanium.  All  dissimilar  metals  and  WD-65-53  showed  excessive  corrosion  at 
600*F  with  the  WD-65-53  appearing  with  a tan  tarnish  and  spotted.  A similar 
behavior  pattern  was  observed  with  WD-65  and  the  dissimilar  metals. 

In  oxidation-corrosion  characterization  with  -rrous  metals,  each  hardness 
level  of  WD-65  showed  no  corrosion  at  500°F  along  with  the  othei  alloys  in  MIL-73- 
20  fluid.  This  trend  of  nonreactivity  of  WD-65's  continued  to  600  ®F  despite  heavy 
corrosive  attack  on  all  other  ferrous  alloys.  It  is  apparent  that  none  of  the  other 
ferrous  metals'  failures  could  be  attributed  to  the  presence  of  either  hardness  level 
of  WD-65  in  this  charactsrization  or  in  others  involving  the  different  types  of  fluids 
in  this  study. 

Oxidation-corrosion  data  with  the  perfluoroalkylpolyether  base  fluid  formulated 
with  a high  temperature  corrosion  inhibitor  additive  C,  identified  as  MLO-73-21, 
appear"  on  Table  IV.  Initial  work  was  begun  at  a higher  temperature  level  of  650°F 
with  WD-65-53  and  WD-65  alone  to  determine  the  inhibitor  effectivity.  No  metal 
attack  was  observed  at  650°F  or  700*F  with  the  washers  having  a slightly  stained 
appearance.  Fluid  deterioration  at  650 "F  only  was  indicated  for  both  hardness 
levels  by  a gross  viscosity  loss. 

Dissimilar  metals  with  WD-65-53  showed  no  reactivity  with  the  inhibited  fluid 
MLO-73-21  through  550 "F  and  600 *F  and  slight  reactivity  at  700 °F  with  aluminum 
and  M-10.  This  same  trend  occurred  with  WD-65  through  700°F  where  no  reactivity 
was  observed  even  at  that  top  temperature.  All  WD-65  specimens  at  the  end  of  each 
test  were  slightly  stained  in  appearance.  Fluid  deterioration  was  excessive  with  the 
WD-65-53  at  550  °F  and  700  °F  as  indicated  by  high  viscosity  and  high  volatility 
losses.  By  comparison,  the  WD-65  fluid  deterioration  at  550“F  and  700^  although 
not  excessive  were  an  order  of  magnitude  or  two  beyond  normal  expectations. 

Reactivity  of  the  inhibited  perfluoroalkylpolyether  MLO-73-21  with  WD-65-53 
and  ferrous  metals  was  mixed.  At  550®F  M-50  was  excessively  corroded  and  at  600, 
the  4140  showed  attack.  Corrosion  was  excessive  on  all  the  ferrous  metals  at  700°F. 
With  WD-65  the  ferrous  metal  combination  showed  very  little  susceptibility  to  cor- 
rosion at  550  and  600  *F.  However,  at  700*F  high  corrosion  was  observed.  Inter- 
estingly through  the  above  temperature  range  to  700°F,  both  hardness  levels  of  WD- 
65  with  both  metal  combinations  were  not  attacked  excessively  by  the  inhibited  fluid. 
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Oxidation-corrosion  data  on  the  perfluoroalkylpolyether  (HFPO)  triazine  MIL- 
73-22  is  summarized  in  Table  V.  Each  hardness  level  of  WD-65  when  immersed  in 
the  above  fluid  showed  no  attack  at  650*F.  At  700*F  the  WD-65-53  remains  non- 
reactive while  the  WD-65  at  700 *F  gave  incipient  corrosion.  Both  sets  of  specimens 
ranged  from  a light  stain  to  spot  deposits  in  appearance.  With  dissimilar  metals 
the  WD-65-53  and  WD-65  showed  no  corrosion  through  600*F  and  up  to  700°F  with 
the  neat  fluid  and  a formulation  using  the  same  oxidation  inhibitor  (additive  C)  prev- 
iously used  with  the  perfluoroalkylpolyether.  At  700  *F  the  dissimilar  metal  combi- 
nation showed  excessive  corrosion  of  the  titanium  and  M-10  in  duplicate  tests  with 
the  neat  fluid  and  the  inhibited  fluid.  In  addition,  the  silver  showed  excessive 
weight  change  in  the  inhibited  fluid  only.  Both  WD-65's  were  characterized  by  a 
golden  stain. 

The  study  of  the  ferrous  metal  combination,  WD-65's  and  HFPO  triazine  also 
incorporated  an  additive  effectiveness  evaluation  in  addition  to  the  neat  fluid  reac- 
tivity. At  500*F  all  ferrous  metals  and  WD-65's  were  not  corroded  excessively 
with  the  neat  fluid  but  at  600  “F  most  of  the  ferrous  were  attacked  including  M-50. 
Both  WD-65's  did  not  suffer  excessive  weight  change.  The  addition  of  additive  C to 
the  fluid  eliminated  the  corrosion  at  600  *F  on  the  ferrous  combination  but  was  not 
effective  at  650*F.  At  both  of  the  above  temperatures,  neither  WD-65's  showed 
signs  of  corrosion.  The  other  additives  M-4  and  additive  B were  not  as  effective  as 
additive  C in  their  recommended  concentrations  in  the  HFPO  triazine  at  600 *F. 


Oxidation-corrosion  data  with  the  perfluoroalkylpolyether  fluid  from  manufac- 
turer Number  2,  MIL-73-23  appears  on  Table  VI  . Due  to  insufficient  sample,  com- 
plete characterization  of  the  fluid  with  all  metal  combinations  and  all  temperatures 
of  interest  was  not  conducted.  Some  inferences  are  made  by  relating  the  data 
obtained  on  this  fluid  to  that  obtained  on  the  similar  fluid  produced  by  the  other  man- 
ufacturer. 

The  reactivity  of  WD-65  by  itself  was  minimal  at  500  “F  up  to  600 ‘F.  This 
same  performance  could  be  attributed  to  WD-65-53  at  those  temperatures  by  extend- 
ing the  data  accumulated  on  the  perfluoroalkylpolyether  of  different  manufacturer. 
Both  hardness  levels  showed  excessive  attack  at  650°F  with  a dark  tarnish  appear- 
ance. Interpolated  data  in  Figure  2 shows  failure  would  occur  in  the  neighborhood 
of  630 “F. 

In  combination  with  the  dissimilar  metals,  both  WD-65's  remained  passive 
from  500  *F  to  600  °F  with  only  the  silver  specimen  exceeding  the  acceptable  corro- 
sion limits.  This  same  behavior  of  nonreactivity  of  WD-65's  was  observed  with  the 
ferrous  metal  group  at  both  of  the  above  temperatures.  At  600*F,  however,  all  the 
other  ferrous  metals  showed  excessive  corrosion  in  the  presence  of  WD-65-53. 

Again  utilizing  previous  data  obtained  on  the  similar  fluid,  corrosion  of  the  ferrous 
metals  in  the  presence  of  WD-65  could  be  assumed  at  600*F.  The  appearance  of 
the  WD-65's  throughout  the  dissimilar  and  ferrous  metal  evaluations  was  dull  metallic 
with  no  discoloration.  Fluid  deterioration  at  600 *F  with  both  mixed  metal  combina- 
tions ranged  from  borderline  passing  to  failure  as  indicated  by  high  viscosity  changes, 
volatilities,  and  acid  numbers. 
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As  a result  of  this  program  the  conclusions  that  were  reached  are  as  follows: 


1.  Both  hardness  levels  of  WD-65  showed  little  reactivity  with  the  currently 
available  perfluorinated  fluids  up  to  700 ®F. 

2.  Both  WD-65's  were  nonreactive  in  the  presence  of  dissimilar  metals  up 
to  700 °F. 

3.  Both  WD-65's  were  nonreactive  in  the  presence  of  ferrous  metals  up  to 
700  °F. 

4.  Neither  hardness  level  of  WD-65  appeared  to  catalyze  the  failure  of 
either  dissimilar  or  ferrous  metals. 

5.  Neither  WD-65  contributed  to  any  lack  of  additive  response  in  the  per- 
fluorinated fluids. 

6.  Both  WD-65's  were  substantially  less  reactive  under  all  conditions  and 
with  all  fluids  than  M-50  or  52100  bearing  steels  (Figures  3 and  4). 

7.  The  difference  in  hardness  level  of  R 12  between  the  two  WD-65  alloys 
did  not  affect  their  reactivity  in  the  perfluorinated  fluids  investigated  up  to  700 °F. 


WD-65  ALLOY  EVALUATION  IN  PERI LUORINATED  FLUIDS,  ML0-73-20 
OXIDATION-CORROSION  STUDIES  RESULTS 
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S50  + 2.3  - 0.0  +0.16  +0.03  -*-0.02  +0.0-  +0.06  -KI.07  Slight  stain 

600  + 2.2  - 0.3  +0.18  +0.13  +0.0-  0.00  +0.13  +0.07  Slight  stain 

700  + 4.1  - 25.0  -5.94  +1.62  -0.20  -7.88  -8.54  -15.4  Heavy  mottled  deposit 


WD-55  ALLOY  EVALUATION  IN  PERFLUORINATED  FLUIDS,  MLO-73-22 
OXIDATION-CORROSION  STUDIES  RESULTS 


S 

m 

4 

4 

a 


o 

§ 


l 

t 


no 

a 


5 r> 


S 


O 

fr 

4 

•O 


o * 
a 

«i  o 

T3  U 

U (3 
O H 


4 jz 
60 
o -h 
SS  _) 


a 

T3 


•H  O 

« a 

o • 

a 

« o 

T3  U 

u a 

O H 
4 
(3  u 
■h  n 

• 

u u 
<0  £ 
60 
O -H 
Z 1-4 


•o 

u 

o 

m 

a 

•H 

4 


c *o 

•H  4 
4 TJ 


M C D 
O H w 
4 *0 
U)  M M 
CKO 
•H  O 
4 c « 

U 91  M 
CO  TJ 


M 

o 

4 

rH 
W U3 
*4 

CO  O 4J  U 

o u "H  -H 

a a to  4 a 

-h  ii  e o o t« 

4 -o  5 a a K 

u OV4  4-I 

4 *0  M T3  ’O  4 

4 JZ 

s:  a u u u a 

M 4 M ,*  O O 4 

<H  U O M U 

c a 4 c c 

M O ffl  u r<  rC  O 

4 « 4 4 4-* 

*-»  ^ SiJ  U 

91  U > It  19  91 

C 3 4 4 P 

<HH  U O OH 

HAMSZKCQ 


4 

O 

a 

4 

•a 

M 

u 

4 

rH 
♦J  rO 
H 

4 O «J  U 

O u H H 

a an 

4 d O O 

t>  5 a a 

0 4 4 

•O  M TJ  *0 
V X) 

j fl  U MM 

a 4 u M O O 

•H  *J  0 M 
c • a 4 d d 

M O CO  TJ  -H  t4 

4 4J  4 4 

4J  ^ U *J 

4 O > 4 (0 

fi  3 4 4 
ffl  H H 9)  o o 

H « « 31  55  25 


¥¥  ?¥ 


¥¥• 


?¥¥¥¥ 


: o o o o o 

i i i i i 


I o p p o o 

X t + + I I 


?°¥ 

o 

m <r 

o o m 

000 

1 i i 


o o p 
» i + 


¥¥  ?¥S<2 


ro  o -o  o 

lO  o o o 

. I I . . 

o p o 


00  N N >000  vO  vO  rH  fH  00 

UOHNOOHin  fHOMC6rH«HOI 

I HiiHi  ¥¥??¥?¥ 

H vO  vj  00  CO  rH  00 

OHHIANCIHN  rHO  H CNM  H CN 

iiiiiiii  ¥?¥???? 

o f>*  r*  o\  m o>  s r>.  ch  cn 

O rH  rH  m O O rH  OOt^fHOrHfH 

t3¥¥???¥¥  ??????? 

s 

x n n io  O'  vo  4 rs  iv>  oo  <t  cocoo 

IlU"*OrH000»OOOv0OOrHOtHO.H 


¥°  (£'?¥?”*¥¥¥  + ¥¥¥  c5'¥¥  + + ? + 

4 


O O 


¥¥  ¥¥ a^¥¥¥¥¥ 


>©  a>  ON 

O O ON' 


»h  O m 
O H O *J  <3 


¥¥  ° ¥ H?¥¥¥¥ 


HNN  «IOHm  N N O'  <t  t/1  CO  vO  O' 

O H H XOOOHNHOH  OHNMJOOH 

¥¥¥3K¥¥¥?¥¥¥  ¥¥??¥?¥ 

O 

M 

fH  O GO  M mo  rH  O 00  H3  HT  H N 00 

O fO  ^ CJOOmHCOHHtN  ONIO'OHOH 

' "“5¥¥¥¥¥¥¥ 


OOHN 

+ + + + 


?¥¥ 


co  n m co 

<t  m h> 


OO  H O'  N H 


>o  m Mn  h m n m r>  n n h in  h 

o o n m n o o oonmcaoo 


• 60 
O "*s 

25  a 
•a  § 

*2 


o o o o o o o 

v v v v v v v 


I I I I I I I 


u cs> 

■H  H 
CO  0) 

O 60 

S § 

•H  a 

> O 


o o 
+ I 


m 

vo 

O o 

+ + 


n o o m n 

HNNlON 
rH  H N H 

+ + + + 4 


OHM) 
rH  fH 
+ + + 


00  r>  rH 

• v O O O'  • • 

rH  fH  • • • ao  m 

o o o 

+ -f  + + 


CO  oo  O'  O'  O'  IN  N 
rH  rH  O O O r'  fH 

+ + + i + + V 


44a 

H H 0 


o o 
I r>  o 
\0  r* 


o O 
* n o 
4 rs 


ooooo  ooo 
o m m o o ooo 

M>  M)  4 N r>  M)NN 


o o o o o o o 
o o o o o o m 
*n  M)  >0  M)  M)  M)  M> 


o o o o o o o 
o o o o o o m 

iO  M>  M)  vO  M)  >0  4 


■a  h 
«h  d 
3 4 
•H  no 

a m 


n ° 

9 & 


fH 
4 <H 

a i 
h <n 
n r% 


o 

U 

« 

a 

n 

<r  Q 

9 

9 

i i 9 

N 

M 

NMH 

«n 

*0 

<H  tO  fH 

+ 

+ 

+ + + 

<T  <t  O O Q 

i±9§9 

K N H N N 
n m n m m 
+ + + + + 


316 


Blue  to  tan  stain 


318 


sc  o 


Figure  3»  WD-65-H-50  Corrosion  Comptrlson 
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ABSTRACT 

Electrochemical  tests  were  performed  to  show  the  nsture  of  gelvenlc  corrosion  when 
grsphlte -epoxy  composite  meteriels  ere  coupled  to  elumlnum  end  tltenium  alloys. 

Open  circuit  potential  measurements  In  3.51  NeCl  solution  showed  epproxiaetely  one 
volt  potential  difference  batmen  the  composite  end  7075-T6  end  7075-T651  aluminum 
alloys.  This  relatively  large  potential  dissimilarity  provides  the  driving  force 
for  corroelon  of  the  aluminum  as  an  anode  and  ie  cause  for  concern.  The  potential 
difference  between  Ti-6-4  and  the  composite  was  about  0.3  volt  for  the  as  received 
unpolished  metal  surface  vs.  0.5  volt  for  a freshly  polished  surface. 

Corrosion  current  data  (aero  Impede nee  technique)  show  that  aluminum  alloys, 
cadmium  plate,  cadmium  plate  + chromate  conversion  coat  are  such  more  reactive 
than  Tl-6-4  when  coupled  to  graphite-epoxy  ('—^15  vs.  0.002  yUkJcv?-).  This 
technique  provides  a means  of  ranking  the  corrosion  problem  when  graphite-epoxy 
Is  coupled  to  various  aircraft  alloys. 

Flatwise  tensile  data  Indicated  significant  strength  losses  when  graphite-epoxy 
composite  sandwich  specimens  are  exposed  to  salt  spray  and  synthetic  sea  water  + 

SOj  spray  environments.  For  two  week  exposure  tests  the  comparative  strength 
losses  In  the  twj  environments  were  41  vs.  78  per  cent  respectively.  These  strength 
losses  were  greater  than  those  for  all  aluminum  specimens  and  definitely  shows  the 
corrosion  effect  of  coupling  graphite-epoxy  to  aluminum  as  compared  with  specimens 
where  galvanic  effecte  are  minimized. 

Data  obtained  show  that  galvanic  coupling  of  graphite-epoxy  composite  to  7075-T651 
aluminum  alloy  has  no  effect  on  the  stress  corrosion  cracking  behavior  of  the 
alloy,  but  does  Increase  Its  general  corrosion. 
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At  a result  of  tha  daaaad  for  nav  materials  that  will  outperform  the  traditional 
monolithic  material*,  organic  matrix  composites  with  Inherent  high  atrength  to 
weight  ratio*  and  high  moduli  hava  been  developed  for  use  a*  an  airframe  material. 
Chief  among  thaae  la  the  graphite -epoxy  coapoalte  material  that  utlllxea  a number 
ofpllea  of  graphite  fiber*  Impregnated  In  an  epoxy  matrix.  Thaae  eonposlte*  offer 
engineer*  the  opportunity  to  design  with  totally  new  material*  to  "tailor  fit"  a 
combination  of  properties  for  a specific  task.  The  principal  effert*  to  date  haw* 
been  directed  toward  graphlte-epoxy's  mechanical  and  atructural  behavior  aa  wall 
*a  It*  use  In  fabrication  of  componenta.  Initial  work  on  the  compatibility  of 
graphite-epoxy  composite*  with  metallic  materials  Indicated  a potential  galvanic 
corroalon  problem. 

Du*  to  the  Inherent  nobility  of  the  filamentary  graphite,  it  la  anticipated  that 
this  problem  will  surface  a*  the  use  of  eonposlte*  Increases,  end  any  be  com- 
pounded by  new  methods  of  attachment,  e.g.,  adhesive  bonding,  stepped  structures, 
mechanical  fastener  configurations,  ate.  These  combinations  can  lead  to  nultl- 
conponeat  galvanic  couples  with  tha  problem  being  particularly  aggravated  by  the 
carrier  based  environment  that  naval  aircraft  must  endure.  Quantifying  these 
arsaa  of  concern  Is  of  vital  Interest  for  the  eventual  use  of  filamentary  graphite 
eonposlte*  la  optimising  design  concepts. 

In  this  study  electrochemical,  mechanical  and  stress  corrosion  crarklng  (SCC)  data 
were  obtained  to  daflaa  and  evaluate  the  potential  galvanic  cowroalon  problem  In 
the  naval  air-sea  environment.  The  electrochemical  approach  has  become  an  Im- 
portant technique  for  studying  corrosion  problem*  from  a design  engineering  point 
of  view  because  It  provides  .rapid  and  accurate  Information  Indicating  the  severity 
of  the  corroalon  problem'* »*),  Mechanical  teats  were  performed  to  determine  the 
degree  of  degradation  (lose  of  strength)  of  the  composite  and  "sandwich  specimens" 
(composite  faces  bonded  to  aluminum  honeycomb),  when  subjected  to  salt  spray, 
synthetic  sea  water  + SO2  and  high  humidity  environments.  A study  of  the  galvanid 
effects  of  graphite-epoxy  composite  material  on  the  atresa  corrosion  crack  growth 
rats  of  7075-T651  aluminum  alloy  was  performed. 

EXPUIMUTTAL  PKOCXDUU 

Test  Specimens 

The  filamentary  graphite -epoxy  composite  was  made  from  Marmco  5206-11,  a tap*  of 
"Nodmor",  Type  II,  coated  with  a modified  epoxy  resin  system.  The  graphite-epoxy 
pre-lmpregaated  layers  were  fabricated  Into  6 ply  laminates,  which  were  oriented 
0°  + 45°,  -45°,  -45°,  +45°,  0°.  The  final  thickness  of  the  composite  was  0.033  In. 
Details  of  the  layup  and  cur*  procedures  are  given  In  reference  (4). 

The  natal  specimen*  of  aluminum  7075-T6  , 5052-H38,  and  titanium  &A1-4T  were  In 
sheet  form.  The  aluminum  7075-T651  alloy  was  machlnad  from  plate  atock.  The 
cadmium  plated  and  the  chromate  conversion  coated  cadmium  plated  speciasns 
utilised  low  alloy  steel  as  a substrate. 
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Speclnsn  Preparation 

All  specimens  received  a cleaning  treatment  prior  to  making  elactrochaaical 
potential  measurements.  The  composite  vas  rinsed  with  distilled  water  and  air 
dried  for  one  hour.  The  cadmium  and  chromate  conversion  eoated  steel  specimens 
were  cleaned  in  boiling  bensene  for  5 minutes.  Measurements  were  made  for  sheet 
aluminum  and  titanium  alloys  in  the  as  received  condition  add  after  polishing. 

The  polishing  procedure  consisted  of  an  Initial  polish  with  320  grit  silicon  carbide 
paper  followed  by  4/0  grit  paper.  All  metal  specimens  received  a final  5 minute 
cleaning  in  boiling  bensene.  Measurements  on  the  polished  specimen  were  made 
approximately  % hour  after  polishing.  After  the  initial  potential  measurement, 
the  polished  specimen  vas  rinsed  in  distilled  water,  dried  in  air  and  then 
measured  again  24  hours  later. 

Open  Circuit  Potential  Measurements 

The  open  circuit  potential  or  driving  force  associated  with  corrosion  reactions 
was  measured  with  an  electrometer  or  a potent lostat.  Measurements  were  made  in 
3. SI  sodium  chloride  solution  (wt  X)  with  a saturated  calomel  electrode  (SCE)  aa 
the  reference  standard.  The  output  of  either  Instrument  was  connected  to  a strip 
chart  recorder  and  the  potential  was  recorded  until  it  became  constant  (approxi- 
mately one  hour). 

Galvanic  Current  Measurements 

The  galvanic  currant  which  gives  an  indication  of  the  couple' a corrosion  severity, 
was  measured  using  the  aero  impedance  technique.  A potent  lostat  was  used  as  a 
aero  impedance  Instrument  by  appropriate  external  connections.  The  experimental 
setup  for  the  measurements  made  in  this  study  is  shown  in  Figure  1 (5).  In  this 
mode  one  specimen  of  the  galvanic  couple  was  connected  to  the  working  electrode 
and  the  other  specimen  to  the  reference  electrode  shorted  to  the  auxiliary  elec- 
trode. With  the  potentioetat  set  at  0.000V  applied  potential,  the  galvanic  current 
can  be  read  directly  or  recorded  continuously. 

Stress  Corrosion  Cracking  (SCC)  Test 

The  objective  here  was  to  determine  the  effect,  if  any,  that  graphite-epoxy  com- 
posite would  have  on  a growing  stress  corrosion  crack  in  a high  strength  aluminum 
alloy  to  which  it  was  coupled.  A fracture  mechanics  approach  was  used  with  the  final 
result  showing  the  stress  corrosion  crack  growth  rate  vs.  the  stress  intensity 
factor  Kj. 

Test  Specimen  f 1 

Specimens  were  machined  from  aluminum  7075-T651  plate  2-3/4  in.  thick,  13  in.  wide 
and  5 in.  long  so  that  the  notch  hence  cracking  would  proceed  in  a direction  normal 
to  the  short  transverse  direction.  Mechanical  properties  are  listed  in  Table  I.  T 
The  double  cantilever  beam  (DCB)  configuration  used  in  this  study  is  hhown  in 
Figure  2. 
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FIGURE  1 ZERO  RESISTANCE  CIRCUIT  FOR  MEASUREMENT  OF 
GALVANIC  CORROSION  CURRENTS 


TABLE  I 

MECHANICAL  PROPERTIES  OF  7075-T65I  ALUMINUM  ALLOY 
STRESS  CORROSION  CRACKING  TEST  SPECIMENS 


Longitudinal  Short  Transverse  Conductivity 


Yield  Strsngth 

Tensile  Strength 

I I.A.C.S.* 

(ESI) 

T (KSI) 
u 

7075-T651 * 

68 

76 

7 

32 

Test  Material 

74 

81 

11.5 

32.5 

* Intar  national  Annaalad  Copper  Standard 

Side  grooving  was  considered  unnecessary  since  the  elongated  grain  structure  of 
the  plate  Material  and  the  Intergranular  nature  of  stress  corrosion  cracking  In 
alualnua  alloys  conblne  to  keep  the  cracks  In  a plane.  The  specimens  were  taken 
only  fro*  the  center  section  of  the  plate  thickness  to  Insure  uniformity,  thus 
el  Inina  ting  any  possible  structural  discontinuities  associated  with  the  rolling 
surface.  After  the  speclnens  had  been  Billed,  loading  bolt  holea  were  nachlned  and 
a notch  cut  with  a watering  saw.  The  surfaces  along  which  the  crack  would  be 
Measured  were  polished  with  netallo»raphlc  grinding  paper  down  to  a 600  grit  finish. 

The  test  set  up  designed  and  fabricated  for  this  work  Is  Illustrated  In  Figure  3. 
The  stand  and  bolts  are  nade  of  Nylon  so  that  for  this  particular  situation  they 
are  essentially  Inert  and  non-conductlve.  With  this  fixture  the  DCB  sped  wen  stands 
in  a vertical  position  and  pemits  positioning  a nusber  of  composite  strips  at  a 
chosen  distance  fron  and  parallel  to  the  side  of  the  spednen  along  which  the 
crack  will  grow.  The  electrical  circuit  is  conpleted  by  connecting  a copper  wire 
fron  the  top  of  the  graphite-epoxy  composite  strips  to  the  DCB  specinen  by  way  of 
the  high  strength  steel  stressing  bolts. 

SCC  TEST  PROCEDURE 

The  test  procedure  consisted  of  Measuring  the  specinen  height  (2h),  wldth(b)  and 
length(l).  The  steel  bolt  end  of  the  specinen  was  then  Masked  with  a vinyl  coating 
to  prevent  any  galvanic  action  with  the  bolts.  Once  the  coating  dried,  the 
nachlned  notch  was  wet  with  a 3.5  percent  aqueous  NaCl  solution  and  the  crack  was 
popped  In  by  slaulcaneously  advancing  both  bolts  thus  creating  a wedging  action  k 
that  results  In  tension  at  the  root  of  the  notch.  When  the  crack  hrd  reached  0.1 
Inch  In  length,  the  stressing  was  stopped.  A asasursasnt  was  then  nade  of  the 
speclwan  height  (2h)  at  the  bolt  centerline  to  deteraine  the  deflectlon(v).  The 
speclnens  were  then  placed  In  the  test  envlroansnt,  a 3.5  percent  aqueous  NaCl 
solution  at  22°C  (72°F).  The  salt  solution  was  changed  once  a week  and  roon 
teaperature  was  kept  constant.  Crack  lengths  were  Monitored  dally  with  awasure- 
aents  taken  on  both  sides  of  the  speclnens.  In  order  to  detensine  the  ultlaate 
length  of  the  stress  corrosion  crack,  the  spec laens  were  broken  open  aftnr  a 
period  of  tine  when  crack  arrest  was  assuned.  This  provided  the  final  point  to  the 
crack  growth  data. 

Curves  of  crack  length  versus  tine  were  prepared  fron  the  resulting  data.  The 
slopes  of  the  curves  at  different  crack  lengths  provide  crack  growth  rate  data 


* values  according  to  Hyatt  (6,7) 
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as  a function  of  Kg*  A*  crack  length  at  which  growth  caaaaa  waa  then  uaad  to 
determine  Kxerc  th4t  lr  stress  corroalon  cracking  atraaa  intensity  Unit  in  3.SX 
aqueous  salt5*  lutlon.  Tha  equation  uaad  (6,7)  to  calculata  K ia  ae  follows: 

„ vBh  (3h(a  + ,6h)2  + h3)* 

3 2 

4 (a  + ,6h)J  + ha 

Though  a trua  Kxscc  nay  not  ba  faaaibla  for  tha  tins  limit  at  ion  of  thia  atudy, 
a ralativa  valua  waa  chosen  at  a crack  velocity  of  1.4  x 10"5  inchaa  par  hour 
which  ia  aquivalant  to  ona  atonic  bond  fracturing  along  tha  entire  crack  front  par 
second  (8). 

Corroalon  Invlronmants  for  Static  Testa 


Mechanical  teat  apaciaana  ware  exposed  to  the  following  three  environments  for  ona 
and  two  weak  periods: 


Tha  ASTM  standard  teat  aathod  B117-64  waa  uaad  for  salt  (HaCl)  spray  (fog) 
tasting.  Tha  apparatus  conaiats  of  a fog  chamber,  a salt  solution  reservoir,  com- 
pressed air,  heaters  and  controls  to  neat  tha  requirements  of  tha  teat  method. 

Tha  salt  solution  waa  composed  of  5 + 1 parts  by  weight  of  NaCl  in  95  parts  of 
distilled  water.  As  temperature  of  tha  atomised  solution  was  35°C(95°F)  and  tha 
pH  of  tha  collection  solution  was  6.5  to  7.2. 

Synthetic  Sea  Water  + SO-  Spray  (Fox)  Test 


Ala  test  environment  employs  a cabinet  similar  to  that  uaad  in  tha  above 
ASTM  salt  spray  test  method.  Synthetic  saa  water  was  prepared  by  dissolving  41.953 
grama  of  "sea-salt"  (simulated  saa  salt  mix)  in  one  liter  of  distilled  water,  S02 
gaa  waa  injected  at  regular  intervale. 


Conditions  in  tha  cabinet  ware  as  follows: 

Synthetic  saa  water  apray  solution  1 

Caolnet  temperature 

Tower  temperature  i 

S02  gas  injection  cycle  1 

S02  gaa  flow 

Conditions  shell  ba  such  so  as  to  maintain  a: 


pH  6.5  - 7.2 
35°C  (95°F  + 2°) 
45.5°C  (ll':°F  + 2°) 

1 hour  every  6 hours 
25  cc/sdn. 


Collection  rata 
»H 

Specific  gravity 


1 to  2 ml/hr 
1.8  - 2.5 
1.025  - 1.040 


Humid its 


Ralativa  humidity  testa  wars  performed  at  951  ralativa  humidity  at  49°C 
(120°7).  4 controlled  ralativa  humidity  cabinet  was  used. 
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Sandwich  Flatwise  Tension  Test 


The  "sandwich"  specimen  uaad  for  flatwise  tensile  tseta  consisted  of  a core  of 
honeycoab  bonded  with  Metalbond  329  to  2 in.  x 2 in.  facings  of  either  sheet 
aluainua  or  composite  aaterial.  The  three  different  aaterlal  combinations  of 
"sandwich"  speclaens  tested  were: 

(1)  Graphite-epoxy  composite  faces  bonded  to  5052  aluainua  honeycomb 

(2)  Graphite-epoxy  composite  faces  bonded  to  Noaex  honeycoab 

(3)  5052  aluainua  alloy  faces  bonded  to  5052  aluainua  honeycoab 

The  aluainua  honeycoab  was  1/2  la.  thick  with  a cell  dlaaeter  of  3/16  In.  and  a call 
density  of  4.4  lb/cu.ft. 

Flatwise  tensile  teats  (application  of  forces  In  a direction  normal  to  the  plane 
of  the  aandwich)  to  pull  the  facings  froa  the  honeycoab  core  were  perforaed  In 
accordance  with  MIL- STD -401,  Sandwich  Constructions  and  Core  Materials;  General 
Test  Methods  (NOTE:  ASTM  C297  - Methods  for  Tension  Test  of  Flat  Sandwich 

Constructions  in  Flatwise  Plane).  The  test  was  perforaed  on  speclaens  with  faces 
bonded  between  aetal  loading  blocks,  2 Inches  on  a side,  which  are  pulled  apart 
In  a testing  aachlne.  Tests  were  conducted  at  177°0  (350°F)  with  a 10,000  pound 
capacity  Instron  tast  aachlne  et  a grip  separation  speed  of  0.05  ln./aln. 


Horlrontal  Shear  Test  (Short  Beaa  Test) 

A composite  specimen  0.6  in.  long,  0.5  In.  wide,  and  approximately  0.03  In.  thick 
was  used  for  the  test.  The  force  was  applied  by  a 3/8  In.  dlaaeter  pressure  foot 
to  the  center  of  the  epee  las  n placed  on  3.8  In.  dlaaeter  rollers  spaced  0.4  In. 
apart.  Horlsontal  shear  stress  at  failure  was  calculated  using  the  following 
formula  (9): 


Tensile  Teat 


total  load  at  failure  (pounds) 
specimen  width  (Inches) 
specimen  thickness  (Inches) 


The  graphite-epoxy  composite  tensile  test  speclaens  ware  one  In.  wide  and  nine  i u. 
long  with  lfc  In.  long  tabs  at  the  ends.  Longitudinal  and  transverse  strain 
during  loading  was  obtained  froa  strain  gagas  placed  at  the  center  of  the  specimen. 
A 10,000  pound  capacity  Inetron  test  Instrument  was  used  and  measurements  aade  at 
a grip  saparation  speed  of  0.05  ln./aln. 

RESULTS  AMD  DISCUSSION 


Galvanic  Corrosion  Experiments 

The  objective  of  the  Initial  phase  oi  the  study  of  the  galvanic  corrosion  problem 
was  to  perfora  fast  simple  tests  to  note  the  nature  and  degree  of  corrosion  attack 
when  graphite-epoxy  composite  material  is  coupled  to  structural  aetals  ami  exposed 
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Co  a corrosive  environment . This  was  accomplished  by  coupling  the  coaposite  Co 
aluainua  5052*  H38,  titanium  6A1-4V  and  by  coupling  aluainua  to  Plexiglas  (aa  a 
control).  The  couples  vara  exposed  to  tha  ASTM  standard  salt  and  synthetic  soa 
water  + SO,  spray  (fog)  environments  for  one  week.  In  order  to  conserve  amterlal, 
apeclaens  2 in.  x 2 in.  were  used  and  were  joined  by  two  Nylon  fasteners  so  that 
there  was  an  ovarlap  of  two  square  inches  of  each  aaterial. 

A au— ary  of  tha  test  results  are  as  follows: 

TABLE  II 


GALVANIC  CORROSION  TEST  RESULTS 


Environment 

Conposlta  + 
Aluainua 

Composite  + 
Titanium 

Plexiglas  + 
Aluminum 

Standard  Salt 
Spray 

Light  Corrosion 
on  surface 

No  corroalon 

Very  light  corrosloi 

Synthetic  Sea 

Surface  corrosion 

No  corrosion 

Shallow  pitting  and 

Hater  + S02 

and  pitting 

slight  corrosion 

spray 

around  drilled 
holes 

on  surface 

Photographs  of  the  disassembled  couples  of  the  aforer*9ntioned  tests  are  shown  in 
Figures  4 and  5.  In  Figure  4 (standard  salt  spray  exposure)  the  5052  A1  coupled 
to  the  coagroslte  shows  light  surface  corrosion,  while  that  in  contact  with  the 
Plexiglas  sLows  very  little,  aa  evidenced  by  practically  no  corrosion  products  on 
the  Plexiglas.  In  Figure  5 (synthetic  soa  water  + SO2  exposure)  the  5052  aluainua 
in  contact  with  the  coaposite  shows  signs  of  surface  corrosion  and  pitting  around 
tha  drilled  hole.  For  the  aluainua  Plexiglas  couple  there  Is  evidence  of  mom 
pitting  and  corrosion  on  the  5052  aluainua  and  corrosion  products  are  visible  on 
the  Plexiglas.  The  anodic  behavior  of  the  aluainua  is  clearly  evident  whan  coupled 
to  the  aore  noble  graphite-epoxy  coaposite.  Coupling  to  the  inert  Plexiglas 
caused  no  accelerated  corrosion  of  the  aluainua  alloy. 


Additional  corrosion  tests  were  performed  on  sandwich  constructed  specimens 
(synthetic  sea  water  + SO2  exposure).  Honeycoab  (5052  aluainua)  was  coupled  by 
Nylon  fasteners  to  faces  of  5052  aluainua  sheet.  The  specimens  were  coupled  with 
and  without  a fiberglass  interface.  The  purpose  of  the  tlberglass  was  to  Isolate  the 
netals  to  ainlalxe  galvanic  corrosion.  However,  the  speclaens  witL  the  glass  inter- 
face ahowed  a aarked  Increase  in  corrosion  as  is  dramatically  seen  in  Figure  6. 


The  cause  for  this  is  most  probably  due  to  the  wicklng  action  of  tha  fiberglass 
layer,  thus  creating  a crevice  to  store  corrodent.  It  should  be  emphasised  that 
in  actual  practice  the  flberglaas  layer  would  be  continuously  bonded  to  the  honey- 
coab and  tha  coaposite  face  so  that  tha  wicklng  problem  would  be  minimized. 


trochesd.ee  1 Maaaui 


1 
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Open  circuit  potential  measurements  (no  current  through  the  cell)  were  made  in  this 
study  to  show  the  degree  of  electrochemical  disparity  between  the  graphite-epoxy 
coaposite  and  structural  aircraft  alloys.  The  greater  the  electrochemical  potential 
difference  between  the  couples,  the  greater  should  be  the  galvanic  corrosion  ex- 
perienced by  them. 
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Result*  of  open  circuit  potential  measurements  made  In  3.5X  MaCl  solution  (pH  7) 
are  presented  In  Table  III.  A aaturated  chlomel  electrode  was  used  as  the  standard 
against  which  all  aatcrlals  were  smasured.  No  atteapt  was  made  to  remove  dissolved 
oxygen  from  the  solution. 


TABLE  III 

OPEN  CIRCUIT  POTENTIAL  MEASUREMENTS 
VS.  SATURATED  CALOMEL  ELECTRODE 


Material Potential 


Graphite-Epoxy  Composite  (NARMCO  5206-11) 

+170 

mV 

Aluminum  5052 -H38 

-760 

mV 

Aluminum  7075-T6 

-770 

mv 

Aluminum  /075-T651 

-780 

mV 

Cadmium 

-805 

mV 

Cadmium  plated  steel  (chromate  conversion 

coating) 

-735 

mV 

Titanium  6A1-4V  (as  received) 

-140 

mV 

Titanium  6A1-4V  (freshly  polished  surface) 

-375 

mV 

Titanium  6A1-4V  (above  specimen  24  hrs.  later) 

-260 

mV 

The  above  results  show  potential  differences  of  approximately  1 volt  between  the 
coaposlte  and  the  aluminum  alloys  as  well  as  the  cadalun  and  the  cad nlun  plated 
steel  which  had  a rhremate  conversion  coating.  These  differences  elicit  a 
definite  cause  for  concern.  The  potential  difference  between  tltanlum-6Al-4V, 
although  not  quite  as  large,  is  quite  revealing  and  Indicates  that  a freshly 
polished  surface,  representative  of  a freshly  drilled  hole,  la  such  sure  active 
than  the  as  received  material , whose  surface  has  a more  uniform  and  thicker  Inert 
oxide  layer.  Although  the  oxide  refonaatlon  on  a polished  surface  Is  considered 
to  be  rapid,  the  corrosion  potential  of  the  freshly  polished  surface  after  exposure 
to  air  foe  24  hours  Is  still  more  active  than  the  as  received  sheet  material. 

Similar  corrosion  potential  measurements  cm  freshly  polished  surfaces  of  the 
aluminum  alloys  showed  only  small  differences. 

It  Is  to  be  noted  that  the  potential  difference  between  two  metals  only  Indicates 
the  tendency  of  galvanic  corrosion  between  a dissimilar  metal  couple  and  la  not  a 
measure  of  the  corrosion  rate.  The  site  of  the  galvanic  current,  corresponding 
to  corrosion  rete  of  the  anode  In  a galvanic  couple  Is  a function  of  the  kinetic 
parametera,  exchange  current  density,  electrode  polarisation,  as  well  as  ratio  of 
cathode  to  anode  areas  (2).  The  determination  of  corrosion  rates  1>>  therefore, 
the  next  study  consideration. 

The  corrosion  current  (Imax)  can  be  determined  from  the  polarisation  diagrams  of 
the  materials  of  a galvanic  couple  (2).  By  Faraday's  lav,  the  corrosion  rate  of 
anodic  areas  on  a metal  surface  Is  proportional  to  the  corrosion  current  and  can 
be  expressed  as  a current  density.  However,  this  technique  Is  a tedious  one  and 
obtaining  good  anodic  polarisation  curves  for  aluminum  alloys  presents  many  problems. 

The  use  of  the  sero  Impedance  technique  previously  described  provides  a powerful 
tool  for  obtaining  galvanic  corrosion  currents  (ICorr)  which  approximates  the 
corrosion  current  (Imax)  determined  from  polarisation  diagrams  (2).  It  must  be 
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PLEXIGLAS  GRAPHITE-EPOXY  COMPOSITE 

FIGURE  4 GALVANIC  CORROSION  OF  ALUMINUM  5052  COUPLED  TO 
GRAPHITE-EPOXY  COMPOSITE  AFTER  ONE  WEEK  EXPOSURE 


TO  ASTM  5%  SALT  SPRAY  TEST 
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ALUMINUM  5052 


ALUMINUM  5052 


WnW* 


PLEXIGLAS 


GRAPHITE. EPOXY  COMPOSITE  2X 


FIGURE  5 GALVANIC  CORROSION  OF  ALUMINUM  5052  COUPLED  TO 
GRAPHITE-EPOXY  COMPOSITE  AFTER  ONE  WEEK  EXPOSURE 
IN  SYNTHETIC  SEA  WATER  + SO?  SPRAY 


FIGURE  6 GALVANIC  CORROSION  OF  ALUMINUM  HONEYCOMB  COUPLED  TO  ALUMINUM 
5052  FACES  BY  NYLON  FASTENER  AFTER  ONE  WEEK  EXPOSURE  IN  SYNTHETIC 
SEA  WATER  + SO,  SPRAY 


Mentioned  that  the  dissolution  rates  calculated  froa  galvanic  current  data  and  fro* 
weight  loss  data  obtained  for  A1  7075-T6  differed  (12  va.  18  add*  respectively). 

The  weight  lose  aeasureaent  was  based  upon  one  week  exposure  of  the  alualnua  alloy 
in  3.51  NaCl  solution  (no  aeration);  l.e.,  aaas  coaposltion  for  asking  the  electro* 

cheaical  aeasureaent s. 

This  effect  has  also  been  observed  by  Mansfeld  and  Parry  in  their  work  with  alualnua 
alloys  coupled  to  coated  stainless  steal  (10,11).  It  has  been  shown  froa  theoretical 
considerations  based  on  the  aixed  potential  theory  that  in  certain  cases  these 
deviations  are  to  be  expected.  Correction  procedures  for  alualnua  alloys  have  been 
described  (10-12). 

Galvanic  current  aeasureaents  perfomed  in  3.5X  sodlua  chloride  solution  are  pre- 
sented in  Table  IV.  These  results  provide  a naans  of  ranking  the  galvanic  corro- 
sion problea  resulting  froa  coupling  graphlte-spoxy  coaposlte  asterlal  to  the 
various  aircraft  klloys. 


TABLE  IV 


ZERO  IMPEDANCE  GALVANIC  CURRENT  MEASUREMENTS 
BETWEEN  GRAPHITE  -EPOXY  COMPOSITE  MATERIAL  AND  DESIGNATED  ALLOYS 


Couple 

Galvanic  Current 

add* 

MA/ca2 

Composite  Alualnua  5052-H38 

12.7 

10.3 

Composite  Alualnua  7075-T6 

12.5 

10.1 

Composite  Alualnua  7075-T651 

14.4 

11.7 

Composite  Cadalua 

Composite  Cadalua  plate  + chroaste 

15.5 

77.9 

conversion  coating 

9.6 

7.8 

Composite  Tltanlua  6A1-4V  (as  received) 
Composite  Tltanlua  6A1-4V  (freshly  polished 

0.002 

.003 

surface) 

0.19 

.27 

♦Corrosion  rate  calculated  froa  the  Measured  sero  lapedanee  currents,  in  Milli- 
grams per  square  declaeter  per  day. 

The  calculated  corrosion  rate  for  the  coaposite/alualn'jB  couples  shows  that  the 
alualnua  7075-T651  was  slightly  acre  reactive  than  the  alualnua  alloys  7075-T6  or 
5052-H38.  Cadalua  was  found  to  be  about  seven  tlass  acre  reactive.  Although 
the  chronate  conversion  coating  over  the  cadalua  reduced  the  galvanic  current  by 
40  per  cent,  the  reactivity  was  only  slightly  less  than  the  alualnua  alloys.  The 
tltanaua  alloys  followed  the  expected  pattern  of  having  very  low  galvanic  corrosion 
rates;  e.g.,  four  orders  of  magnitude  lover  than  corresponding  alualnua  couples. 
However,  the  galvanic  current  for  the  freshly  polished  tltanlua  was  two  orders  of 
Magnitude  higher  than  that  for  the  unpolished  (as  received)  surface.  The  data 
clearly  Indicate  that  there  Is  a galvanic  corrosion  problea  for  graphite-epoxy 
composites  when  coupled  to  structural  alualnua  alloys  and  cadalua  plated  high 
strength  fasteners. 


* add  ■ corrosion  rate  in  allligrans  per  square  declaeter  per  day. 
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STRENGTH  DEGRADATION  DUE  TO  EXPOSURE  TO  DIFFERENT  ENVIRONMENTS 
Sandwich  Smeclae na 

Flatwise  tensile  Caata  were  parfornad  to  aaaeaa  degrading  effect*  on  the  composite, 
bonding  Material  and  alualnua  5052  honeycomb  aubjected  to  high  humidity,  95X  RH  at 
49°C  (120°F),  the  A3TM  atandard  aalt  spray  fog  teat,  and  aynthetlc  aaa  water  apray 
fog  teat  environaeuts.  Flatwiae  tanaila  data  wara  obtained  at  177°C  (350°F)  on 
aandwich  type  specimens  after  a 30  minute  aoak  at  177°C  (graphite-epoxy  co&poslte 
facaa  bonded  with  Metalbond  329  an  epoxy  adhaaiva  to  aluminum  5052  honayconb). 

A aacond  group  of  aandwich  apeciaana  ware  included  in  the  aaa*  environmental  taata 
in  order  to  obtain  aora  information  on  the  controlling  factor*  of  atrangth  degrada- 
tion. Thia  group  conaiatad  of  the  following  Material  combination*: 

Grapnlte-epoxy  face*  bonded  to  alualnua  5052  honeycomb -with  flberglaaa 

Interface. 

Aluminum  5052  face*  bonded  to  alualnua  5052  honeycomb. 

Graphite-epoxy  face*  bonded  to  Nomex  (organic)  honeycombs 

The  laat  two  group*  of  apeciaana  were  conaldered  non-galvanlc  control*  becauae  of 
the  lack  of  dlaaiallarlty  of  the  couple*.  Reaulta  of  flatwiae  tcnalle  teat*  are 
preaented  in  Table  V. 

The  data  ahow  that  there  are  algnif leant  reduction*  in  atrength  A the  aandwich 
apeciaana  when  aubjected  to  the  aalt  apray  and  aynthetlc  aea  w^ter  + S02  environ- 
ment*. A comparlaon  of  the  atandard  deviation  calculated  from  the  flatwiae  tenalla 
data  for  the  control  aandwich  apeciaana  (from  one  batch)  ia  indicative  of  the  rather 
wide  acatter  wheu  teatlng  thia  type  of  apeclaen  (Table  V). 

It  ahould  be  realised  that  galvanic  effect*  night  not  be  the  aole  factor  for  degra- 
dation, for  example,  the  probable  breakdown  of  the  adhealve  may  be  a contributing 
factor.  An  analyala  of  the  data  la  dlaplayed  in  Figure  7.  Speclaena  with  a 
flberglaaa  cloth  interface  did  not  concluaively  ahow  aaaller  atrength  loaaea  aa 
compared  with  apeciaana  without  a tlbarglaaa  interface.  There  la  probably  a 
leaaened  galvanic  effect  cauaed  by  the  electrical  inaulation  between  the  composite 
and  the  metallic  core.  For  the  one-week  axpoaure  teat*  comparative  loaaea  in 
atrength  (X)  in  95X  RH  were  15.3  va.  15.7,  in  the  ASTM  aalt  apray  fog  teat,  19.3 
va.  36.1  and  in  the  aynthetlc  aea  water  + S02  teat,  72.8  va.  68.9,  reapectlvely. 

For  the  two-week  expoaure  teat*,  the  comparative  loaaea  in  atrength  in  95X  RH  were 
9.7  va.  14.9  percent,  in  the  ASTM  aalt  apray  fog  teat  38.0  v*.  41.3  percent,  and  in 
the  aynthetlc  aea  water  + SO,,  63.0  va.  78.0  percent.  An  exaaination  of  the  atrength 
loaa  data  for  the  alualnua  5052  face*  bonded  to  alualnua  5052  honeycomb  (non-galvanlc 
control*)  indicated  aigniflcant  reduction*  in  atrength  when  expoaed  to  the  aaaa  three 
environment*.  However,  the  atrength  reduction  waa  not  aa  great  aa  that  obtained  for 
the  compoaite  face  bonded  to  alualnua  honeycomb  aandwich  apeciaana.  For  one-waek 
expoaure  teat*  comparative  loaaea  in  atrength  in  95X  RH  were  6.4  va.  15.7  percent, 
in  the  ASTM  aalt  apray  fog  teat  18.5  va.  36.1  percent,  and  in  the  synthetic  aaa 
water  + SOJ  test  52.6  va.  68.9  percent.  For  the  two  week  exposure  teats,  the 
comparative  loaaea  in  strength  in  95X  RH  were  8.8  vs.  14.9  percent,  in  the  ASTM 
salt  apray  test  29.8  vs.  41.3  percent,  and  in  the  synthetic  sea  water  + S02  69.1 
vs.  78.0  percent.  This  categorically  shows  the  galvanic  corrosion  effect  of 
coupling  graphite-epoxy  to  aluminum  does  result  in  a greater  strength  loss  than  the 
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FIGURE  7 STRENGTH  LOSS  OF  SANDWICH  HONEYCOMB  CONSTRUCTION 
AS  A FUNCTION  OF  ENVIORNMENTAL  EXPOSURE 
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•11  aluminum  specimen;  where  no  galvanic  affect  axlata 
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Unfortunately  the  data  for  the  coapoalta  faced  Nomax  honeycomb  sandwich  speclaana 
offer  only  a partial  picture  because  failures  occurred  In  the  honayeoab  structure 
rather  than  the  bonded  joint.  This  Indicates  that  the  bonded  joint  on  the  all 
organic  sandwich  speclaens  did  not  deteriorate  upon  exposure  to  any  great  degree 
and  was  stronger  than  the  Nomex  core. 

The  differences  In  severity  of  the  ASTM  salt  spray  and  synthetic  sea  water  + 10, 
environments  have  been  clearly  Indicated  In  the  flatwise  tensile  data.  Figures2 
8 and  9 are  photographs  of  "sandwich"  specimens  after  flatwise  tensile  testing. 

Prior  to  tensile  testing  the  specimens  are  bonded  to  aluminum  blocks  and  after 
testing  the  separation  at  the  bond  joint  between  the  face  and  the  aluminum  honey 
comb  la  easily  seen.  A comparison  of  the  differences  In  corrosive  attack  on  the 
aluminum  honeycomb  shows  that  there  Is  considerably  more  pitting  on  the  epeclmen 
subjected  to  the  synthetic  sea  water  + S0^  environment. 

Rorlsontal  shear  and  tensile  data  were  also  obtained  for  graphite-epoxy  composite 
exposed  to  the  same  three  environments.  Data  were  obtained  on  the  compoalte  for 
galvanically  coupled  as  well  aa  uncoupled  specimens.  Galvanic  coupling  was 
accomplished  by  sandwiching  the  composite  between  two  sheets  of  aluminum  5052  with 
Nylon  fasteners.  Unexposed  composite  specimens  were  used  as  controls.  Results  of 
one -and  two-week  exposure  tests  are  presented  In  Table  VI. 

The  horlxontal  shear  teste,  using  short  single  beam  method,  are  essentially  a 
measure  of  the  Interlaminar  shear  strength  of  the  composite  (the  graphite  fibers 
•re  not  being  tested).  An  examination  of  the  data  in  Table  VI  for  the  three 
different  environments,  In  general,  shows  s wide  scatter,  large  standard  deviations, 
in  the  strength  for  the  controls  as  well  as  the  tested  speclaens.  It  la  under- 
stood that  this  type  variation  In  mechanical  property  measurements  Is  not  uncommon 
for  organic  composite  materials.  This  makes  analysis  of  the  data  difficult  but  It 
appears  that  there  Is  no  major  loss  in  strength  when  the  uncoupled  or  the  galvani- 
cally coupled  specimens  are  exposed  to  the  three  environments. 

The  tensile  date  which  Is  related  to  the  grephite  fiber  strength  also  show  a large  I 

scatter.  The  tensile  strength  for  one  tested  panel  vas#^^73,000  pel  vs.«-m^50,000 
pel  for  another  panel.  These  data  present  the  same  difficulty  for  analysis  and  only 
a general  statement  that  there  is  no  apparent  loss  In  strength  can  be  made. 

STRESS  CORROSION  CRACKING 

This  phase  of  the  overall  study  is  Intended  to  determine  the  effect  of  coupling 
graphite -epoxy  composite  to  aluminum  7075-T651  on  stress  corrosion  crack  propaga- 
tion properties  of  the  alloy.  Stress  corrosion  cracking  is  defined  by  Champion  (13) 
as,  "greater  deterioration  of  mechanical  properties  of  a material  through  the 
simultaneous  action  of  a static  stress  and  exposure  to  a specific  environment  than 
would  occur  by  the  separate  but  additive  action  of  those  agencies."  Implied  In  the 
definition  Is  that  S.C.C.  Is  controlled  by  the  electrochemistry,  mechanics  and 
metallurgy  of  the  particular  system.  The  effects  of  metallurgy  and  mechanics  are 
held  constant  for  all  specimens  in  this  study.  Thus,  electrochemistry  Is  the  only 
variable  under  consideration. 
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FIGURE  8 SANDWICH  SPECIMENS  SHOWING  SEPARATION  AT  BOND  JOINT  AFTER  TENSILE  TEST. 
ONE  WEEK  EXPOSURE  IN  ASTM  5%  SALT  SPRAY 


TESTING.  ONE  WEEK  EXPOSURE  IN  SYNTHETIC  SEA  WATER  + SOz  SPRAY 


Stress  Corrosion  Cracking  Results 


Visual  measurements  of  the  crack  lengtha  became  increasingly  difficult  as  the  length 
of  time  of  the  test  Increased  due  to  appearance  of  secondary  cracks.  Photomacro- 
graphs of  the  control  and  galvanically  coupled  specimens  are  shown  In  Figure  10. 

The  lover  magnification  photographs  show  that  the  control  specimen  had  little,  if 
any,  surface  attack  and  had  developed  a black  oxide  film,  while  the  galvanically 
coupled  specimen  had  considerable  amount  of  surface  corrosion.  From  the  higher 
magnification  photomacrographs,  it  is  seen  that  the  area  immediately  rurroundlng 
the  crack  of  the  control  specimen  was  heavily  corroded,  while  on  the  galvanically 
coupled  specimen  the  entire  surface  was  corroded.  This  condition  necessitated 
opening  the  specimen  to  determine  the  actual  extent  of  the  stress  corrosion 
cracking. 

Data  for  control  and  galvanically  coupled  specimens  is  plotted  in  Figure  11.  All 
ths  points  appear  to  fall  into  a cotmaon  band  that  forms  a dual  slope  relationship. 
Stress  corrosion  cracking  stress  intensity  factor  Kigcc  is  determined  through 
extrapolation  to  a crack  growth  rate  of  1.4  x 10-5  inches  per  hour,  which  is  con- 
sidered crack  ceasation  or  the  limit  to  testing  since  the  actual  Krgcr  is  not 
absolutely  determinable.  Using  Figure  11  KiSCr  is  11.5  KSI  in.  which  is  4.5  KOI 
in.  higher  than  that  obtained  by  Hyatt  (6,7)  using  the  same  aluminum  alloy  heat 
treated  to  the  same  condition.  This  difference  can  be  explained  by  comparing  the 
differences  in  the  mechanical  propertiea  and  chemical  composition  of  the  specimens 
used  by  Hyatt  to  thosedused  in  this  study.  In  Table  I the  differences  in  properties 
are  illustrated  in  the  difference  in  ultimate  strengths.  In  addition,  the  material 
used  In  this  study  exceeds  the  upper  specification  limits  for  magnesium  and  is  low 
in  iron  and  silicon.  These  facts  help  to  explain  the  differencea  in  mechanical 
properties.  Additionally,  the  lower  the  iron  and  silicon  contents  of  the  alloy, 
the  greater  the  fracture  toughness  which  should  result  in  a higher  Ki~  and  a 
slower  crack  growth  rate.  The  K^  for  the  specimens  used  in  this  work  was  26.7  KSI 
in.  versus  Z5  KSI  in.  for  the  material  In  Hyatt's  study.  Figure  12  shows  the 
presence  of  secondary  cracks  about  the  main  crack  tip.  These  secondary  cracks  would 
relieve  the  stress  in  the  region  of  the  crack  tip  and  result  in  a false  value  of 
Kiscc  at  the  high  end. 


SUMMARY 


The  following  phenomenology  was  established  by  this  work: 

1.  Open  circuit  potential  measurements  In  3%l  NaCl  solution  Indicate  that  there 

Is  approximately  one  volt  potential  difference  between  graphite-epoxy  conposlte 
and  aluminum  alloys  7075-T6  and  7075-T651.  This  relatively  large  dissimilarity 
In  potential  provides  the  driving  fores  for  corrosion  of  the  aluminum  as  an 
{.node  and  is  isuse  for  concern.  The  difference  between  the  conposlte  and 
titanium  alloy,  Ti-6-4,  was  about  0.3  volt  for  an  as  received  unpolished  sur- 
face vs.  0.5  volt  for  a freshly  polished  surface. 

2,  Corrosion  current  data  employing  the  zero  impedance  technique  show  that  aluminum 
alloys,  cadmium  plate,  cadmium  plate  4 chromate  conversion  coat  are  mush  more 
reactive  than  T1-6A1-4V  alloy  when  coupled  to  graphite -epoxy 

(^>15  vs.  0.002yf4A/cm2).  These  data  provide  s means  of  ranking  the  galvanic 
corrosion  problem  resulting  from  coupling  graphite-epoxy  co^>osltt  to  various 
aircraft  alloys. 

3,  Flatwise  tensile  data  indicate  thac  there  are  significant  strength  losses  when 
graphite-epoxy  composite  sandwich  specimens  are  exposed  to  salt  spray  and 
synthetic  sea  water  4 SO 2 spray  environments.  For  two-week  exposure  tests  the 
comparative  strength  losses  in  the  two  environments  were  41  vs  78  per  cent 
respectively,  ‘these  strength  losses  were  greater  than  thor.e  for  all  aluminum 
specimens  and  definitely  shows  the  corrosion  effect  of  coupling  graphite-epoxy 
to  aluminum  as  compared  with  specimens  where  galvanic  effects  are  minimized. 

4.  Data  obtained  shows  that  galvanic  coupling  of  graphite-epoxy  conposlte  to 
7075-T651  aluminum  alloy  has  no  effect  on  the  stress  corrosion  cracking  rate 
of  the  alloy,  but  does  increase  the  general  corrosion. 
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Effect  cf  Vanadium  Pentoxide  on  Accelerated 
Oxidation  of  Nickel -Base  Alloys 
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East  Hartford,  Connecticut 


ABSTRACT 

The  oxidation  behavior  of  various  nickel -base  alloys  in  the  presence  of 
gaseous  and  condensed  vanadium  pentoxide  was  studied.  It  was  found  that  vanadium 
pentoxide  accelerates  the  oxidation  rate  of  nickel-base  superalloys.  The  product 
of  the  reaction  between  V. 0 and  the  substrates  is  dependent  upon  the  alloying 
elements  present  in  the  alloy.  In  the  absence  cf  alloying  elements  such  as  aluminum 
and  titanium,  the  products  are  %'anadates.  However,  when  the  alloys  contain  aluminum 
and/or  titanium,  the  product  erf  the  reaction  appears  to  be  a glass. 


355 


Preceding  page  blank 


Introduction 


Lower  cos';  distillates,  residual  and  certain  crude  oils  may  contain  organo- 
vanadium  compoundr  which  during  combustion  are  converted  to  vanadium  pentoxide, 

VO,.  VO  is  a low  melting  oxide  and  has  been  known  to  cause  corrosion  problems 
in  oil  fired  boilers.  The  purpose  of  this  work  was  to  i>termine  the  mechanism 
and  extent  of  corrosion  of  VpO,.  on  nickel-base  superalloys. 

The  physical  state  of  the  VgO  at  gas  turbine  temperatures  depends  upon  the 
temperature,  concentration  of  vanadium  in  the  fuel  and  whether  or  not  the  fuel 
is  being  combusted  under  near  or  extreme  non-equilibrium  conditions.  Ur.der  these 
different  conditions  the  vanadium  pentoxide  can  be  present  in  either  the  gaseous 
or  condensed  state.  The  work  presented  here  will  consider  the  effect  of  both 
gaseous  and  condensed  V20,-  on  gas  turbine  alloys.  Since  the  composition  of  the 
protective  scales  depends' ’ipon  the  alloy  composition, the  approach  taken  in  this 
work  ws6  to  determine  the  effect  of  V_0  on  nickel,  nickel  binary  alloys,  and  the 
nickel  base  superalloys  currently  used  In  gas  turbine  engines. 

Gaseous_jteaction£ 

If  the  vanadium  present  in  the  fuel  is  completely  oxidized  to  the  pentoxide, 
and  the  concentration  of  Vo0^  in  the  combustion  products  is  less  than  the  critical 
concentration  necessary  for  Condensation  to  occur,  then  the  vanadium  will  be  present 
in  the  turbine  in  the  gaseous  state. 

Fitzer,  et  al.,  (Ref.  l)  has  shown  that  V?0  (g)  markedly  increases  the 
oxidation  rate  cf  copper  and  chromium,  and  has  a'smaller  effect  on  iron  and  nickel. 
All  the  oxides  of  the  metals  mentioned  above  are  P type  conductors.  Thus,  as 
expected,  the  introduction  cf  a higher  valency  cation  in  the  metal  oxide  matrix 
results  in  an  increase  in  the  specific  rate  constant  as  discussed  by  Hauffe  (Ref. 

2).  The  introduction  cf  an  alkali  metal  such  us  Li  (lover  valent  cations)  would 
decrease  the  specific  rate  constant.  The  effect  of  Li  doping  in  NiO  has  been 
verified  by  Pfeiffer  and  Hauffe  (Ref.  2). 

The  oxides  commonly  encountered  in  superalloy  systems  are  NiO,  Cro0_  and 
AIJD,.  Beth  NiO  and  Cr20_  have  been  identified  as  P type  conductors.  ‘'However, 

AlIO^  is,  according  to  nuaffe,  a probable  N conductor.  Thus,  the  incorporation  of 
higher  valent  cations  in  the  A1_0_  lattice  should  decrease  the  rata  of  oxidation. 

In  order  to  determine  the  effect,  if  any,  of  gaseous  on  the  oxidation 

behavior  of  nickel -base  superalloys  a series  cf  TGA  experiments  was  performed  in 
which  nickel,  Ni_Al,  B-1900,  U-700,  and  NiAl  specimens  were  exposed  to  oxygen 
containing  approximately  17.6  ppm  V^O  (g).  The  Vo0  vapors  were  generated  from  a 
platinum  crucible  filled  with  V^O  and  maintained'at  850°C.  The  experimental 
apparatus  is  shown  in  Fig.  1.  “ ' 

1.  Nickel  and  Ni^r  Alloys 

The  rates  of  oxidation  of  nickel  in  oxygen  and  oxygen  containing  17.6  ppm 
VjjO  are  shown  in  Fig.  2.  The  exposure  of  nickel  to  oxygen  containing  V?0,.  vapors 
resdlts  in  an  apparent  increased  rate  of  oxidation.  This  effect  is  reproducible 
as  shown  in  Fig.  2 and  further  supported  by  differences  in  scale  thickness.  The 
thickness  of  the  scale  of  the  specimens  exposed  to  pure  0^  is  approximately  1.4  mils 
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and  the  thickness  of  the  scale  of  the  specimen  exposed  to  0_  containing  17»5  ppm 
(g)  is  approximately  2.2  mils  thick.  Fig.  3»  Portions  of  the  oxide  scales  from 
specimens  were  mechanically  removed  and  examined  by  XRD  techniques.  All  lines 
were  accounted  for  and  the  only  phase  observed  was  NiO. 

Hie  addition  of  minor  quantities  of  chromium  to  nickel  increases  the  rate  of 
oxidation  of  the  alloy.  The  beneficial  effect  of  chromiun  is  not  observed  until  the 
scale  formed  on  the  alloy  is  a mixture  of  NiO  and  Cr20  (spinel)  or  Cr,,0_  and 
depends  upon  the  temperature  and  chromium  content  or  tne  alloy.  ^ 


At  lOOO^C  the  oxide  scale  formed  on  the  Ni-8  Cr  alloy  consists  of  NiO  and 
spinel  and  that  formed  on  Ni-17  Cr  alloy  is  spinel  and  Cr20..  The  introduction  of 
17.5  ppm  V20_(g)  in  the  oxygen  stream  resulted  in  an  increase  in  the  magnitude  of 
the  weight  gain,  similarly  to  that  observed  for  "A"  nickel.  Likewise,  the 
thickness  of  the  oxide  scale  at  corresponding  times  was  greater  for  the  specimens 
exposed  to  0_  ♦ V_0  (g)  than  those  exposed  only  to  oxygen.  X-ray  diffraction 
studies  revealed  In '’the  case  of  the  Ni-8  Cr  alloy  the  phases  NiO  and  NiCr20.  and 
for  the  Ni-17  Cr  alloy  the  phases  NiCr20.  and  Cr20_.  No  vanadium  containing  phase 
was  identified.  The  representative  weight  gain  curves  are  shown  in  Fig.  U. 

2.  Ni-Al  Alloys  and  Superalloys 


The  oxide  scale  formed  at  1000°C  on  the  lntermetalllc  compounds  N1A1  and 
N1.A1  is  alumina  which  is  also  the  major  constituent  of  the  scale  formed  on  most 
nickel  base  superalloys.  If  alisnlna  is  an  N type  oxide,  then  the  introduction  of 
V+I*  or  V+5  cations  into  the  alunina  lattice  should  decrease  the  number  of  lattice 
defects,  the  net  result  being  a decrease  in  the  rate  of  oxidation  of  the  alloy. 
However,  when  NiAl,  Ni-Al  or  B-1900  alloy  specimens  were  exposed  in  0„  containing 
17.5  ppm  V 0 (g)  the  rate  of  oxidation  increased  rather  than  decreased.  A com- 
parison or  tne  rates  of  oxidation  of  NiAl,  Ni  and  B-1900  at  1000°C  exposed  to 
oxygen  and  oxygen  containing  17.5  ppm  VgO  (g)  is  shown  in  Fig.  ?.  The  data  for 
Ni^Al  is  not  shown  since  its  data  is  coincident  with  that  of  the  superalloy  B-1900. 

A comparison  cf  the  thickness  of  the  oxide  scale  formed  on  the  lntermetalllc 
compound  Ni_Al  exposed  to  0 and  0?  ♦ V 0 (g)  for  1000  min  revealed  the  formation 
of  thicker  scales  in  the  presence  cf  Vp6r' as  was  observed  for  nickel.  Except  for 
the  differences  in  the  thicknesses  of  the  scales,  the  oxide  scales  appeared  to  be 
i i 1 f y_— «y  rH f f ract ion  studies  failed  tc  reveal  any  phase  ether  than 


Condensing  vg°^ 


If  it  is  assumed  that  the  turbine  metal  components  are  cooler  than  the  hot 
turbine  gases  and  the  metal  temperature  is  below  the  dewpoint  of  the  gaseous  V20  , 
then  the  VpO,-  can  continuously  condense  onto  the  turbine  components.  At  any  given 
time  the  quantity  of  condensed  V?0,.  may  be  very  small;  nevertheless  based  upon  the 
ability  of  V^Oj.  to  dissolve  oxide  Scales,  the  effect  of  continuously  condensing 
VpO,.  on  turb“ne  parts  may  be  catastrophic.  In  order  to  determine  the  effect  of 
condensing  Vp0  , a series  of  experiments  was  performed  in  which  the  following 
specimens,  NT/IN-lOO,  B-1900,  NiAl,  Waspaloy,  Ni-Al,  and  NiAl  *■  1 and  5 w/o  Y-0 
were  exposed  at  90CPC  in  flowing  oxygen.  Hie  specimens  were  suspended  by  mean!  of 
a platinum  chain  from  one  arm  of  a continuously  weighing  Ainsworth  semi -microbalance 
A platinum  crucible  filled  with  VpO,-  was  positioned  approximately  2 Inches  below 


357 


the  specimen  and  with  the  aid  cf  supplemental  heaters,  the  platinum  cruciole  was 
maintained  at  1200°C  t 25.  The  rate  of  condensation  of  onto  the  teat  specimens 
was  determined  by  suspending  a platinum  specimen  in  place  of  the  test  specimen  and 
continuously  monitoring  the  weight  change.  After  each  run  the  change  in  weight  of 
the  specimen  and  that  of  the  platinum  chain  was  separately  determined.  'Rie  average 
rate  of  weight  gain  of  the  specimen  was  1 x 10 mg/cm?  min 

1.  Ni  and  Waspaloy 

The  phases  present  on  the  surface  of  the  specimens  will  depend  upon  the  rate 
cf  condensation  of  V 0C  and  the  quantity  of  nickel  (Ni  + Cr)  that  has  reacted 
with  oxygen  to  form  cxlaes.  If  the  quantity  of  VO  i6  much  greater  than  the 
oxide  formed  in  situ  then  the  major  phase  present  on  the  surface  would  be  a liquid. 
If  the  quantity  of  oxides  is  much  greater  than  the  amount  of  liquid  Vo0,.  then 
the  major  phases  present  cn  the  surface  would  be  the  solid  phases,  oxides  and 
vanadates . 


if  it  is  assumed  that  the  surface  oxide  is  a liquid,  the  rate  of  oxidation 
would  tend  to  be  linear.  Similar  results  would  be  observed  if  the  liquid  phase 
limited  the  thickness  of  an  oxide  6cale,  i.e.,  dissolving  a portion  of  the  scale 
as  it  forms.  If  a solid  protective  phase  forms  between  the  liquid  and  the  sub- 
strate then  the  rate  of  < xidation  would  decrease  as  the  scale  thickens. 


In  the  case  of  nickel  and  the  nickel -base  alloy,  Waspaloy,  the  rate  of  oxi- 
dation of  the  test  specimen  was  initially  greater  than  that  observed  in  the  absence 
of  condensing  V,,0  but  the  rate  of  oxidation  decreased  with  increasing  time.  The 
magnitude  of  the  Weight  gain  after  1200  min  (20  hrs)  was  less  than  a factor  of  two 
greater  than  that  observed  in  the  absence  of  V^O^.  The  experimental  data  Is  shown 
in  Fig.  6.  Also  shown  in  Fig.  6 is  (l)  the  observed  oxidation  beliavior  in  pure 
oxygen,  (2)  the  measured,  rate  cf  condensation  of  VO  onto  a platinum  specimen,  and 
(3)  a summation  curve  which  consists  of  the  data  from  (l)  and  (2)  above.  Metallo- 
graphic  examination  of  the  scales  formed  cn  the  nickel  specimen  revealed  a single 
phase  oxide  scale  with  no  apparent  evidence  of  a vanadate  or  free  V„0  . It  should 
be  noted  that  after  1200  min  the  weight  of  Vo0c  which  condensed  onto  the  specimen  is 
0.12  mg/ern^'  which  corresponds  to  a thickness  of  O.OlU  mils  (3»5T  / 10“5  cm). 


2. 


B-1900,  IN -100,  Ni^Al  and  NiAl 


Based  upon  the  results  observed  for  Ni  and  Waspaloy,  similar  results  were 
anticipated  for  the  aluminum  rich  alloys.  However,  this  was  not  the  case.  Upon 
exposure  to  condensing  V?0 s(0  the  rate  of  oxygen  pickup  for  NiAl,  and  Ni_Al 
specimens  appeared  to  be  linear.  Fig.  7.  Similar  results  were  noted  for  the 
superalloys  B-1900  and  IN-100  with  the  exception  that  the  linear  rate  of  weight 
gain  was  greater  during  the  first  100  min  than  during  the  subsequent  1100  min. 
Metallographic  examination  of  the  aluminum  containing  alloys  re waled  rather  thick 
multiphase  scales  and  in  the  case  of  the  NiAl  specimen,  a depleted  zone  metal - 
lographically  identified  as  IJi^Al  beneath  the  oxide  scale. 


X-ray  diffraction  analyses  of  the  surface  of  the  NiAl  specimen  did  not  con- 
firm the  presence  of  any  but  a nickel  vanadate  phase  was  tentatively  identified 


Reactions  with  Condensed  V._,0 


The  conditions  that  actually  exist  within  the  gaB  turbine  engine  are  not  fully 
known.  It  is  possible  that  vanadiun  present  in  the  fuel  could  be  present  in  the 
turbine  ir  the  gaseous  state,  could  be  continually  condensing  onto  turbine  parts,  or 
as  a result  of  buildup  within  the  burner,  could  be  periodically  released,  then 
impact  and  adhere  to  turbine  components.  The  crucible  experiments  in  which  alloy 
specimens  are  totally  or  partially  iimnersed  in  liquid  V?0r  try,  in  part,  to  simulate 
the  latter  condition.  These  types  of  experiments  have  be^n  conducted  for  many  years 
with  almost  every  available  alloy  and  in  general  the  conclusions  are  the  same, 
namely  (l)  vanadate  corrosion  involves  removal  of  the  normally  protective  oxide 
scale  allowing  increased  diffusion  rates  of  oxygen  to  the  metal  surface,  and  (2) 
the  corrosion  could  be  controlled  by  development  of  alloys  (or  coatings)  which  would 
form  protective  oxide  layers  between  the  liquid  vanadate  and  the  metal  surface  and/ 
or  alter  the  physical  properties  of  the  melt  and  the  operating  conditions  in  the 
engine  to  reduce  the  fluxing  tendency  of  the  corrodent. 

Many  experiments  have  been  performed  in  which  the  corrodent  is  applied  onto  a 
test  specimen  and  the  rate  of  oxidation  of  the  specimen  monitored.  The  corrodent 
consists  of  a mixture  of  salts  primarily  VpQ,  + Na  50^,  VO  + NaV0_  or  complex 
vanadiixn  bronzes  some  with  excess  alkali.  The  test  specimens  are  often  complex 
alloys.  The  results  of  these  experiments  are  usually  reported  relative  to  (a)  an 
alloy  system  and/or  (b)  ar.  anticipated  corrodent  composition.  It  appears  that  the 
goal  of  those  programs  was  a definition  of  the  best  material,  rather  than  the 
determination  of  the  mechanism  by  which  degradation  occutp.  It  appeared  obvious 
from  the  experiments  previously  reported  (condensing  Vo0r)  that  the  nickel  and 
nickel  chromium  alloys  were  marxedly  different  in  their  behavior  with  respect  to 

than  the  nickel -alum inun  intermetallic  comp-  und s or  the  nickel-base  superalloys. 

1.  Nickel 

In  order  to  determine  the  static  oxidation  behavior  of  Vo0  coated  specimens, 
the  specimens  were  dipped  into  a reservoir  of  liquid  VO.  (jofac),  quickly  cooled 
and  weighed.  The  quantity  of  V 0t  adhering  to  the  surface  is  reported  as  mg/cm^. 

The  coated  specimens  were  then  exposed  at  H3C°C  in  a stream  cf  flowing  oxygen. 

*Hie  comparison  in  behavior  between  vanadium,  free  and  IT. 31  ng/cm  V^O,.  coated 
nickel  oxidized  at  830°C  is  shown  in  Fig.  8.  In  the  presence  of  VpO^,  t fie ’initial 
rate  of  oxidation  is  greater  than  that  observed  for  the  vanadium  free  alloy,  but 
the  magnitude  of  the  change  cannot  he  described  as  catastrophic  nor  is  the  rate  of 
oxidation  linear,  but  as  shown,  *he  rate  of  oxidation  cf  the  V^0C  coated  alloy 
decreases  with  increasing  time. 

The  V0_  coated  nickel  specimen  was  after  oxidation,  scraped  on  a bias  in 
order  to  dfet^rmine  if  more  than  on**  solid  phase  could  be  easily  identified.  Tt  was 
immediately  apparent  that  the  scale  consisted  of  three  layers.  The  surface  had  a 
"wet”  lock  as  if  a liquid  was  present  at  all  times.  Penccth  the  liquid  phase  was 
a p’irple  to  purple  black  phase  and  separating  this  phase  froi>;  the  nickel  substrate 
wa6  a greenish  oxide  which  appeared  to  be  NiO,  Fig.  9«  A cross-section  'under 
polarized  light  shews  the  Vo0^  phase  and  the  vanadates  are  optically  active.  It 
appears  that  for  the  VpO^  coaled  nickel,  the  outer  phase  is  primarily  vanadium 
pentoxide,  the  inner  pnase  is  nickel  vanadate  and  the  phase  adjacent  to  the  nickel 
substrate  is  nickel  oxide. 

The  differences  in  the  rates  of  oxidation  between  the  uncoated  and  V^O^.  coated 
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specimens  could  be  the  initial  dissolution  or  reaction  between  V_0  and  NiO  to  form 
vanadates  and  during  subsequent  oxidation  the  rate  of  oxygen  pickup  is  controlled  by 
diffusion  through  the  nickel  oxide  scale.  If  this  is  the  case,  then  if  a nickel 
specimen  is  preoxidized  to  a given  weight  gain  and  coated  with  a given  amount  of 
V?0  such  that  at  temperature  the  molar  percentages  of  VO  to  NiO  correspond  to  the 
solidus  of  the  V^O  -NiO  phase  diagram,  it  would  be  expected  that  (l)  the  rate  of 
oxidation  of  the  specimen  would  increase  and  (2)  if  the  rate  of  oxygen  pickup  is 
replotted,  it  would  appear  as  if  only  simple  oxidation  is  occuring.  This  experiment 
was  performed  and  the  results  are  presented  in  Fig.  10.  Initially  a nickel  specimen 
was  oxidized  for  approximately  1000  min  at  830°C  in  pure  oxygen.  The  weight  gain 
was  approximately  1.05  mg/cm1-  which  corresponds  to  U.91  mg/cm2  of  NiO.  After  expo- 
sure for  1000  min,  the  oxidized  nickel  specimejj  was  dlnped  into  molten  W^OA'JOCPC) 
and  the  amount  of  V?0,-  retained  was  10.0  mg/cm  . Thus,  the  molar  ratio  of^VpO,-  to 
NiO  is  1.25.  When  the  specimen  was  reinserted  into  the  TGA  apparatus,  the  rate  of 
oxygen  pickup  increased  (Fig.  10)  and  if  the  data  for  the  oxidation  of  the  V^O,. 
coated  preoxidized  nickel  specimen  are  replotted  on  the  original  coordinate  fo,0) 
the  resultant  curve  is  almost  identical  to  that  of  the  simple  oxidation  of  nickel. 


A second  series  of  experiments  were  then  performed  in  which  nickel  was  coated 
with  V_0C  and  oxidized  for  a predetermined  length  of  time  after  which  the  specimen 
was  removed  from  the  furnace,  recoated  with  a comparable  amount  of  VgO  and  further 
oxidized.  If  the  scale  formed  during  the  initial  treatment  consists  of  a 

vanadate  and  nickel  oxide,  then  the  addition  of  more  V^CV  would  not  markedly 
influence  the  rate  of  oxygen  pickup.  The  results  of  this  experiment  are  shown  in 
Fig  11. 


£ 

Initially  a nickel  specimen  was  coated  with  17*31  mg/cm  of  VpO  and  oxidized 
for  approximately  120  min  at  8306c  in  flowing  oxygen.  After  120  min;  the  specimen 
was  removed  from  che  furnace,  reooated  with  12.1*3  mg/cm2  of  Vo0_  and  oxidized 
an  additional  80  min.  The  data  generated  during  the  initial  120  min  is  shown  by 
the  open  circles  and  the  data  generated  after  reapplication  of  12. 1*3  mg/cm2  VpO 
is  shown  by  the  filled  in  circles.  It  is  apparent  that  a smooth  curve  connects 
all  of  the  data  points.  When  the  weight  gain  for  the  initial  experiment  is 
plotted  as  weight  gain  squared  vs  time,  the  data  fall  on  a straight  line  indicative 
of  parabolic  behavior.  If  the  data  from  the  subsequent  experiment  are  added  to 
the  original  data,  the  straight  line  can  be  continued  to  200  min,  the  duration  of 
the  experiment.  These  resultE  indicate  that  the  additional  quantity  of  V^O,.  did 
not  change  the  rate  of  oxidation  of  the  V^O^  co“te<^  nickel  and  the  rate  or  Oxidation 
of  the  Vp0r  coated  nickel  can  be  described  By  a parabolic  equation. 

It  appears,  based  upon  the  results  of  the  experiments  conducted  at  83C°C,  that 
unalloyed  nickel  car.,  under  the  experimental  ccnditions,  resist  V^O  corrosion. 

If  similar  experiments  are  conducted  at  900°C,  it  would  be  anticipated  that  during 
exposure  for  prolong  durations  the  rate  of  weight  gain  would  actually  decrease  and 
become  negative  since  the  weight  loss  associated  with  evaporation  of  wou^ 

exceed  the  weight  gain  associated  with  the  oxidation  of  nickel. 


Two  experiments  were  conducted  in  which  nickel  specimens  were  coated  with  21 
and  ll  mg/cm2  of  V„0_  respectively  and  exposed  at  900°C  in  flowing  oxygen  for  1200 
min.  As  had  been  anticipated,  after  approximately  200  min,  the  specimens  started 
to  lose"  weight.  The  experimental  data  are  shown  in  Fig.  12.  Also  shown  in  Fig. 
12  are  the  data  for  simple  oxidation  of  nickel  and  the  rate  of  weight  loss  of  V^O^ 
based  upon  the  vapor  pressure  data  of  Pegg  (Ref.  3).  Ttoe  dotted  lines  shown  in^ 
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Fig.  1^  are  the  sunsnation  curves  obtained  by  ad.  ng  the  weight  loss  data  from 
evaporation  of  to  the  observed  oxidation  curves  for  V^O,.  coated  nickel. 

2.  Superalloys 

The  majority  of  the  experiments  described  herein  were  conducted  at  830°C  only 
because  the  initial  rate  of  oxidation  of  the  V^O  coated  superalloys  exposed  at 
900°C  was  so  rapid,  that  the  automatic  recording  balance  could  not  keep  up  with  the 
rate  of  weight  gain.  The  experimental  problems  encountered  at  900°C,  were 
alleviated  when  the  temperature  was  reduced  to  830°C.  It  is  also  possible  that  the 
reactions  which  occur  at  830°C  are  not  the  same  that  occur  at  the  higher  temperatures 
f.hd  that  the  results  reported  herein  are  valid  for  the  temperature  range  studied  and 
care  should  be  taken  when  extrapolating  the  data  to  higher  temperatures. 

When  V„0  was  applied  onto  the  superalloys,  the  immediate  effect  was  a marked 
increase  in^the  initial  rate  of  oxidation.  The  magnitude  of  the  weight  gain  is 
related  to  the  amount  of  Vo0r . A comparison  of  the  oxidation  behavior  of  uncoated 
and  VpOj.  coated  B-1900  and‘“I«-10C  specimens  is  shown  in  Fig.  13.  Also  shown  in 
Fig.  I3'is  the  effect  of  different  quantities  of  (B-1900  alloy,  15  mg/cm2 

V.Oj  and  20  mg/cm  'V,10C).  Note  also  that  the  rate' or  oxygen  pickup  does  decrease 
with  increasing  t lme“althcugh  as  clearly  shown,  the  differences  in  specific  rates 
of  oxidation  are  orders  of  magnitude  anart. 

The  oxide  scale  formed  on  the  VpOr  coated  superalloys  does  not  spall  when  V„0r 
coated  specimens  were  removed  from  tne^furnace.  In  general,  the  scales  were  adherent 
and  had  the  appearance  of  minute  cubic  crystals  randomly  placed  on  the  faces  and 
edges  of  a specimen.  A cross-eection  through  a VO  coated  B-1900  specimen  exposed 
approximately  900  min  at  &30°C  is  shown  in  Fig.  lfc.  Protrusions  or  pimples  were  also 
noted  on  the  surface  of  the  specimens  and  it  appears  that  the  protrusions  or  pimples 
are  reaction  products  whose  specific  volume  is  much  greater  than  the  arithmetical 
volumes  of  its  constituents. 

When  the  V^Ch  coated  superalloys  were  exposed  at  830cC  and  after  a predeter- 
mined time,  removed  and  recoated  with  Vo0^,  the  rete  of  oxidation  increased  nonlin- 
eariy  for  about  the  first  hOO  min  and  then  the  rate  of  oxidation  decreased  with 
increasing  time.  Fig.  15 . When  the  specimen  was  removed  from  the  furnace,  the  scales 
were  again  adherent  with  no  visible  sign  of  spallation.  The  microstructure  was 
identical, independent  of the  number  of  applications  of  V^O,.. 

If  the  scale  had  spalled  or  was  cracked,  (i.e.,  no  barrier  to  liquid  Vo0,_) 
then  when  the  specimens  were  recoated  with  Vp0_ , the  oxidation  behavior  would 
hare  beer,  similar  tc  *hat  initially  observed".  If  an  adherent  scale  at  tenperat*tre 
contains  liquid  V^0C , then  the  addition  cf  more  V^O,.  may  cause  some  increase  in 
the  rate  cf  oxidation  (soluticnizing  of  the  oxide  sCale),  but  not  the  marked 
increase  observed.  It  appears  then  as  if  the  superalloy  specimenr  are  coated  with 
a glass  and  the  glass  ins  the  capability  cf  dissolving  metal  oxides  or  incorporating 
c«tal  oxides  into  its  structure.  It  should  be  noted  that  like  SiO^  and  Bo0, 

is  classified  as  a strong  glass  former.  ‘ ^ 

fllass  modifiers  are  elements  which  do  net  enter  into  the  glass  structure.  In 
general,  for  polycomponent  glasses  it  is  not  essential  that  all  constituents  be 
glass -forming  cations.  For  example,  sodium  silicate  can  form  a glass  in  which 
sodium  ions  dc  not  contribute  to  the  network  formation.  Kxamples  of  glass  modi- 
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fing  oxides  are  Ca,  Ba,  Tn,  Pb,  Mg,  Sn,  Y,  etc. 

In  between  the  glass  formers  and  glass  modifiers.  Is  another  group  of  oxides 
called  intermediates.  Intermediates  do  not  form  glasses  themselves  but  can  enter 
into  the  network  of  polycomponent  glasses.  The  oxides  of  alunlnum,  titanium  and 
zirconium  are  classified  as  intermediates. 

3.  Intermetallic  compounds. 


a. 


Ni^Al  and  NiAl 


The  intermetallic  compounds,  NiAl  and  Ni_Al,  form  upon  exposure  to  oxygen 
a thin  adherent  film  of  alumina.  At  830°C,  tne  weight  gain  associated  with  the  _ 
oxidation  of  NiAl  or  Ni^ll  exposed  up  to  1000  min  in  oxygen  is  less  than  0.1  mg/cm. 

When  Vn0  was  applied  onto  Ni_Al  or  NiAl  specimens,  the  rate  of  oxidation 
increased  orders  of  magnitude.  The  response  of  Ni_Al  and  NiAl  to  V„0,.  and  oxygen 
is  shown  in  Figs.  16  and  IT  respectively.  Surprisingly,  there  does  not  appear  to 
be  any  quantity  effect,  since  the  magnitude  of  the  weight  change  at  any  given  time 
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for  the  18  and  10  mg/cm^  V 0^  coated  Ni,Al  and  the  15  and  10  mg/cm‘ 


NiAl  do  not  differ  appreciably. 


3 


VgO^  coated 


When  either  NiAl  or  Ni,Al  are  coated  with  V^O,.,  exposed  a predetermined 
length  of  tine  and  then  recoated  with  VgO the  Benavior  of  the  specimen  is  similar 
to  that  noted  for  the  superalloys.  As  previously  observed  the  scale  formed  after 
the  initial  application  of  V,>0  is  adherent,  with  no  vlslDle  slgis  of  spallation 
cr  cracking.  The  same  is  true '’after  reapplication  of  V^O^. 

Metallographic  examination  of  the  V„0,-  coated  nickel  aluminum  intermetallic 
compounds  revealed  a microstructure  simitar  to  that  observed  with  the  V-O,.  coated 
superalloys,  namely  a thick  outer  oxide  scale  and  a thin  (0.3  mils)  adherent  inner 
scale.  When  the  scales  formed  on  V_0,.  coated  nickel  were  examined  under  polarised 
light,  the  solidified  and  nickel 'vanada tec  are  readily  identifiable  since  they 
are  birefringent , Hcweve^,  the  scales  formed  on  the  aluminum -nickel  intermetallic 
compounds  as  well  as  these  formed  on  the  nuperalloys  appear  glassy. 

b.  NiTi 

Since  titanium  is  an  important  alloying  element  in  superalloys  (present  in 
gamma  prime,  Ni.(TiAl),  and  in  carbides,  (MC  and  M>C)  and  since  its  oxide  is 
listed  as  an  "intermediate"  with  the  respect  to  glass  formation,  a series  of  experi 
merits  were  performed  to  determine  the  effect  of  V-0,.  on  the  oxidation  behavior 
Of  NiTi.  5 


Unlike  NiAl,  NiTi  cannot  be  considered  as  an  oxidation  resistant  material 
at  elevated  temperatures.  The  oxidation  behavior  of  NiTi  at  83O0  C is  shown  in 
Fig.  18.  When  V„0_  is  applied  onto  NiTi  the  initial  rate  of  oxidation  is  so 
rapid  that  the  automatic  recording  balance  could  not  keep  up  with  the  rate  of 
oxygen  pickup.  The  comparison  of  the  oxidation  behavior  of  uncoated  and  V-0,. 
coated  NiTi  is  also  shown  in  Fig.  18.  It  thculd  be  noted  that  after  1200  min 
exposure  the  change  in  weight  as  determined  by  the  differences  in  initial  and  final 
weights  is  25  mg/cn'  as  opposed  to  the  17.2  mg/cm^  noted  in  the  figure.  ’Hie 
differences  are  believed  to  be  the  weight  gain  which  occurred  in  the  first  minute 
of  exposure. 
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The  oxide  scale  formed  on  NiTi  is  protective  and  based  simply  upon  the  weight 
gain  data,  after  exposure  for  1200  min  the  scale  is  also  quite  thick.  However, 
when  the  oxidized  NiTi  specimen  is  coated  with  VgO,.,  the  response  of  the  alloy 
is  almost  the  same  as  that  of  an  unoxidized  specimen,  Fig.  19.  Immediately  after 
application  of  the  VgO  , the  rate  of  oxidation  of  the  alloy  began  to  increase 
and  within  50  min  the  rate  of  oxidation  is  extremely  rapid.  With  prolonged  expo- 
sure the  rate  of  oxidation  decreases,  and  it  appears  that  the  rate  at  which  oxygen 
is  consumed  is  linear  with  respect  to  time. 

The  oxide  scale  formed  on  the  V^O.  coated  NiTi  was  examined  under  normal  and 
polarized  light  and  the  vanadate  phases  or  solidified  V?0,-  were  not  observed.  The 
appearance  of  the  scale  under  polarized  light  was  identical  to  that  described  for 
VO,  coated  NiAl. 

CONCLUSIONS 

A.  Vanadium  Corrosion 

1.  Under  the  experimental  conditions  imposed  in  this  study,  nickel  and 
nickel -chromium  alloys  form  protective  scales  in  the  presence  of  Vo0  . The 
apparent  rate  of  dissolution  of  the  vanadates  fbrmed  in  liquid  V 0 “"is  slow 

such  that  if  additional  quantities  of  V„Q  are  deposited  onto  tne  vanadium  oxide 
coated  substrate,  no  increases  in  the  rates  of  oxidation  of  the  substrates  are 
observed. 

2.  The  initial  rapid  rates  of  oxidation  between  and  a metal  substrate 

are  due  to  the  reduction  of  the  Vo0  by  the  substrate.  " ^ 

3.  Alloys  based  upon  the  intermetallic  systems  Ni,Al  and  NiAl(As  well  as 
NiTi)  are  particularly  susceptible  to  Vo0  corrosion.  ^ 

L.  The  product  of  the  reaction  between  V?0  and  alloys  which  tend  to  form 
alumina  or  titania  rich  scales  in  simple  oxidation  is  glass-like  or  amorphous. 
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VANADIUM  CORROSION  STUDIES 
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REDUCE  MAINTENANCE  WITH 
IVD  ALUMINUM  COATINGS 


E.  R.  Fannin  and  K.  E.  Steube 
McDonnell  Aircraft  Company 


Ion  vapor  deposited  aluminum  coatings  provide  good  corrosion  protection 
to  both  high  strength  aluminun  and  steel  alloys  without  causing  a reduction 
in  fatigue  life  in  aluminun  or  embrittlement  in  steel.  The  coating  is  also 
useful  at  temperatures  to  950°F  and  is  compatible  with  titanium.  Neither  the 
coating  nor  the  coating  process  present  ecology  problems  such  as  associated 
with  cadmium  coating  processes.  MCAIR  has  applied  8 years'  development  ex- 
perience with  IVD  to  establish  production  status  which  will  result  in  reduced 
maintenance  of  weapons  systems. 


INTRODUCTION 


Ion  vapor  deposition  (IVD)  is  a process  that  can  be  used  to  deposit  an  alu- 
minum coating  uniformly  on  complex  shaped  parts  with  excellent  coating  to  sub- 
strate adherence.  IVD  aluminum  has  definite  advantages  over  vacuum  deposited 
cadmiun,  electroplated  cadmium,  diffused  nickel-cadmium  and  anodise  and  has  great 
potential  for  replacing  these  coatings  in  the  future. 

IVD  is  a vacuum  deposition  process  which  differs  significantly  from  the  com- 
monly-used  physical  vapor  deposition  (PVD)  process  in  that  during  IVD  the  substrate 
or  workpiece  is  the  cathode  of  a high  voltage  circuit.  By  maintaining  the  proper 
inert  gas  pressure  in  the  vacuum  system  a DC  glow  discharge  is  established  about 
the  workpiece  wherein  a portion  of  the  evaporated  aluminum  is  ionized  and  acceler- 
ated tcwail  the  part.  This  produces  a more  adherent  coating. 

Because  the  IVD  process  is  nou  confined  to  line -of- sight  deposition,  parts 
having  complex  shapes  can  be  plated  with  a uniform  coating.  This  excellent  throw- 
ing power  makes  the  process  very  attractive  for  production  applications. 

McDonnell  Aircraft  has  recognized  the  potential  of  IVD  aluminum  for  reducing 
maintenance  problems  associated  with  Bane  of  the  protective  coatings  used  on  weap- 
on systems  and  has  applied  8 years'  development  experience  to  establish  IVD  pro- 
duction coating  capability. 


MAINTENANCE  PROBUHS 


Both  aluminum  and  steel  alloys  are  used  extensively  in  the  fabrication  of 
weapon  systems.  Each  of  these  materials  must  be  protected  from  corrosion  by  some 
type  of  coating.  The  coatings  selected  must  not  only  provide  adequate  protection 
from  corrosion  but  must  also  be  compatible  with  other  materials  they  may  contact. 
Coatings  that  do  not  satisfy  both  conditions  can  result  in  a high  level  of  main- 
tenance. 


ALUMINUM  ALLOYS 


A typical  maintenance  problem  with  some  aluminum  alloys  such  as  7075-T6  and 
7178-T6  is  exfoliation  corrosion.  This  type  of  corrosion  is  usually  initiated  at 
the  base  metal  adjacent  to  a fastener  hole  as  shown  in  Figure  1.  Anodizing  im- 
proves the  corrosion  resistance  of  the  aluminum  alloys;  however,  for  most  parts, 
the  drilling  and  countersinking  operation  must  be  done  last.  Therefore,  the  holes 
and  countersinks  are  not  anodized  and  moisture  penetration  into  the  joints  results 
in  corrosive  attack  of  the  exposed  grain  boundaries.  This  exfoliation  corrosion 
can  be  interpreted  literally  as  delimlnating  or  peeling  of  layers  of  the  aluminum 
alloy  panel. 

The  desirability  of  anodize  as  a protective  coating  for  aluminum  alloy  struc- 
ture has  been  reduced  because  of  recent  design  innovations  to  improve  fatigue  life 
of  these  parts  through  the  use  of  fatigue  enhancing  attachments. 
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Prior  to  tho  uae  of  fatigue  enhane«ent  techniques  such  as  interference  fit 
fasteners  and  cold  worked  holes,  the  fastener  holes  prodded  the  primary  stress 
concentration  and  therefore  were  the  location  of  moat  fatigue  failures.  The  use  of 
fatigue  enchancanent  techniques  has  significantly  reduced  this  stress  concentration 
in  and  around  the  hole  and  has  identified  the  surface  condition  as  significantly 
influencing  fatigue  life.  Die  brittle  nature  of  the  anodise  coating  can  cause 
fatigue  failures  to  initiate  at  the  surface.  These  types  of  failures  are  illustr- 
ated in  Figure  2. 

Die  reduction  of  fatigue  life  of  alwaimai  alloys  which  can  result  fron  anodise 
coatings  is  shown  graphically  in  Figure  3.  Note  that  there  is  little  difference  in 
fatigue  life  when  conventional  clearance  fit  fasteners  are  used  in  the  Joint.  Die 
uncoated  aaterlal  is  used  as  the  basis  for  comparison  and  is  assigned  a life  of  1. 
Cold  working  the  holes  in  joints  in  uncoated  material  increases  the  fatigue  life 
5.4  tines.  However,  the  fatigue  life  at  joints  is  increased  only  3 tines  when  the 
surface  of  the  material  is  chronic  anodised  and  only  1.6  tines  when  the  surface 
is  sulphuric  anodised.  Die  benefits  obtained  by  cold  working  holes  are  obviously 
greatly  reduced  by  the  anodise  coating. 


Clearance  Fit  Fastener 


Fatigue  Enhancing  Fastener 


FIGURE  2 FATIGUE  OF  ANODIZED  ALUMINUM 
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FIGURE  3 

SPECTRUM  FATIGUE  LIFE/COLD  WORKED  HOLES  IN 
7075-T6  ALUMINUM  (37.0  KSI-100%  TLL) 


STEEL  ALLOTS 


Corrosion  of  steel  Is  another  major  source  of  maintenance  problems.  Steel 
parts  must  be  protected  with  sons  type  of  coating  to  prevent  rapid  corrosion. 

These  coatings  often  break  down  and  leave  the  part  unprotected.  The  result  is 
that  extensive  rework  or  part  replacement  is  required.  An  example  of  a part  that 
has  failed  because  of  corrosion  is  shown  in  Figure  4. 

Electroplated  cadmium  is  the  most  widely  used  aerospace  protective  coating  for 
steel  parts.  Hydrogen  embrittlement  of  high  strength  steel  parts  ( 200  KSI)  limits 
the  type  of  coating  system  that  can  be  used  because  of  the  evolution  of  hydrogen 
during  electroplating. 

Cadmium  cannot  always  be  used  as  a protective  coating  because  it  is  not  com- 
patible with  titanium.  Under  certain  conditions  a solid  metal  embrittlement  failure 
can  occur  to  a titanium  part  that  is  in  contact  with  a cadmium  coated  steel  part. 
This  type  failure  is  illustrated  in  Figure  5.  A crack  due  to  solid  metal  embrittle- 
ment has  developed  in  the  hole  of  a titanium  plate.  The  hole  contained  a cadmium 
plated  interference  fit  type.  An  electron  microprobe  scan  (Figure  5)  shows  the 
presence  of  cadmium  down  the  length  of  the  crack.  In  addition,  molten  cadmium  (M.?. 
6l0°F)  attacks  most  structural  metals  under  stress,  therefore,  cadmiun  usage  is 
limited  to  450°F  maximum  applications. 
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FIGURE  4 

FAILURE  OF  PART  DUE  TO  STRESS  CORROSION 
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Cadmium  Plated  Interference 
Fit  Fastener  in  Titanium 


Microprobe  Scan 

FIGURE  5 SOLID  METAL  EMBRITTLEMENT 


IVD  ALUMINUM 


IVD  aluminum  coatings  are  a solution  to  many  of  the  current  corrosion  mainten- 
ance problems. 

What  is  the  IVD  Process?  - Ion  vapor  deposition  is  a plating  process  developed 
approximately  ten  years  ago.  The  IVD  process  is  similar  to  the  familiar  vacuum 
metallizing  process,  or  physical  vapor  deposition  (PVD)  with  one  major  difference  - 
during  plating  the  substrate  is  held  at  a high  negative  potential  with  respect  to 
the  vapor  source  (typically  -2  to  -3  kV).  This  potential,  when  applied  at  the  proper 
inert  gas  pressure,  causes  a DC  glow  discharge  to  be  established  around  the  cathode 
or  part  to  be  coated.  A portion  of  the  evaporant  is  ionized  in  this  region  and  accel- 
erated toward  the  part.  This  produces  greater  adhesion  and  better  thickness  uniform- 
ity of  the  coating. 
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[The  IVD  Process  can  be  made  applicable  to  large  parts,  and,  since  the  plating 
is  not  confined  to  areas  within  line-of-sight,  a very  useful  pioduction  process 
can  be  realized.  Parts  with  complex  shapes  can  be  plated  with  a reasonably  uniform 
coating  even  when  some  of  the  surfaces  to  be  plated  are  recessed  or  other- 
wise not  in  line  with  the  vapor  source.  The  deposit  extends  into  the  re- 
cesses and  hole 8 of  the  part  because  of  the  many  collisions  of  evaporant  atoms  with 
the  gas  molecules  surrounding  the  workpiece.  The  schematic  shown  in  Figure  6 illus- 
trates the  basic  components  of  a production  coater.  This  coater  utilizes  resistance 
heated  boats  to  evaporate  aluminum  which  is  continuously  supplied  by  a wire  feeding 
system.  Parts  to  be  coated  are  held  in  place  above  the  boats  by  a fixture  that 
electrically  insulates  them  from  other  internal  structure  while  providing  the  con- 
tact to  the  negative  lead  of  the  high  voltage  power  supply. 


FIGURE  6 ION  VAPOR  DEPOSITION  CHAMBER 
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Advantage a of  IVD  Over  Other  Processes  - The  several  advantages  of  IVD  aluminum 
over  other  protective  coatings  are  summarised  in  Figure  7. 

It  can  replace  diffused  nickel-cadmium  plating  on  steel  and  provide  better  corrosion 
protection  stall  strength  levels.  Diffused  nickel- cadmium  plating  is  generally  limited 
to  steels  having  strengths  below  200,000  psi  because  of  hydrogen  embrittlement.  It 
can  also  be  utilised  in  contact  with  titanium  structure  without  causing  solid  metal 
embrittlement  who  re  as  cadmium  is  prohibited.  Steel  parts  in  contact  with  fuel  can 
be  IVD  coated.  Again,  cadmium  plating  is  prohibited.  It  can  replace  vacuum  c ad- 
mi  un  p]ating  and  be  utilised  at  temperatures  up  to  950*F.  Cadmium  plating  has  a 
450  *F  limitation . 

IVD  has  several  advantages  over  protective  coatings  commonly  used  on  aluminun 
alloys.  It  provides  better  corrosion  protection  to  high  strength  aluminum  alloys 
than  type  II  anodise  in  the  real  aircraft  environment.  In  addition,  IVD  alisninum 
coatings  are  soft  and  ductile  and  do  not  adversely  effect  fatigue  life  of  high 
strength  aluminum  alloys. 

Aluminum  coatings  do  not  present  any  ecology  problems.  The  future  cost  of 
vacuun  cadmium  coatings,  for  example,  will  be  increased  by  strict  OSHA  require- 
ments for  the  control  of  cadmium  vapors  and  dust,  EPA  controls  on  the  handling 
and  disposal  of  waste  liquors  will  increase  the  cost  of  electroplated  cadmium 
coatings. 
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FIGURE  7 ADVANTAGES  OF  IVD  ALUMINUM 
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COATING  TEST  RESULTS 


IVD  aluminum  coatings  were  tested  for  protection  of  high-strength  aluminum 
alloys.  The  coatings  were  adherent  and  afforded  protection  after  120  hours  at 
500°F  followed  by  120  hours  in  5%  salt  spray. 

Several  snail  F-4  aircraft  doors  were  coated  for  demonstration  purposes  and 
were  used  to  illustrate  the  excellent  adherence  of  the  coating.  Metsllographic 
cross  section  of  several  countersink  areas  showed  a uniform  coating  thickness  and 
an  excellent  coating  to  substrate  interface.  In  another  series  of  experiments, 
the  area  in  and  around  the  countersinks  of  holes  drilled  in  7178-T6  aluminum  alloy 
panels  was  coated  with  aluminum.  These  panels  were  compared  with  similar  panels 
having  unprotected  countersinks.  After  exposure  to  alternate  acidified  salt  spray 
for  two  weeks,  the  IVD  protected  counterskins  showed  only  minimal  corrosion.  The 
unprotected  countersinks  were  severely  corroded. 

Our  assessment  of  the  IVD  coating  system  on  aluminum  is  that  it  will  provide 
better  corrosion  protection  than  anodising  in  the  real  aircraft  environment.  Labor- 
atory tests  show  undamaged  anodize  to  provide  the  best  corrosion  protection;  how- 
ever, typically  we  trim  edges  and  drill  and  countersink  attachment  holes  on  assembly. 
This  leaves  unanodized  areas.  IVD  aluminum  can  be  applied  to  detail  parts  in  a 
manner  similar  to  anodize;  however,  the  trimmed  and  drilled  areas  are  anodically 
protected  by  the  IVD  coating  which  functions  like  alclad  on  aluainum  alloys.  A 
chemical  conversion  coating  is  the  least  protective  and  most  susceptible  to  damage 
of  all  the  systems.  Its  primary  function  is  to  provide  paint  adhesion.  IVD  alu- 
minum coating  will  provide  much  more  effective  corrosion  protection. 

Aluminum  coatings  are  soft  and  ductile,  and  therefore  do  not  have  adverse 
effects  on  fatigue  life.  By  comparison,  type  II  anodize  which  is  used  extensively 
on  altmdnvm  structure,  can  limit  the  fatigue  Improvement  resulting  from  the  use  of 
fatigue  Improving  attachments  such  as  interference  fit  fasteners.  Fatigue  tests 
show  that  no  reduction  in  fatigue  life  results  from  the  application  of  IVD  alu- 
minum coating  (Figure  8)  to  aluminum  alloys  joined  with  interference  fit  fasteners. 

Test  results  also  show  that  IVD  aluminum  offers  excellent  protection  to  steel. 

A four  year  outdoor  exposure  test  shows  it  to  protect  better  than  cadmium.  This 
test  exposure  was  accomplished  on  the  roof  of  a McDonnell  Aircraft  building  in 
St.  Louis.  The  test  sanples,  as  they  appeared  after  4 years  exposure,  are  shown  in 
Figure  9.  The  cadmium  protected  samples  were  severely  corroded  because  the  cadmium 
had  been  sacrificially  consumed  while  the  aluminum  coating  remained  intact  and  pro- 
vided the  necessary  protection. 


SCALE-UP  TO  PRODUCTION  CAPABILITI 

As  a result  of  our  in-house  development  and  evaluation  of  the  IVD  aluminum 
process,  NAVAIR  awarded  us  a contract  in  March  1973  to  fabricate  a production 
coater  for  use  at  the  Naval  Air  Rework  Facility  at  North  Island,  California.  This 
unit  was  successfully  installed  in  April  of  this  year. 
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FIGURE  8 SPECTRUM  FATIGUE  LI F E/INTER FEREIMCE  FIT  FASTENERS 
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FIGURE  9 FOUR  YEAR  OUTDOOR  EXPOSURE  TEST 
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The  system  developed  for  the  Navy  was  enclosed  in  & vacuum  chamber  4 ft.  in  dia- 
meter by  8 ft.  long  (Figure  10)  Aluminum  evaporators  were  positioned  along  the  center 
axis  of  the  chamber.  Parts  holders,  located  above  the  evaporators,  can  hold  parts 
stationary,  pass  parts  laterally,  or  rotate  parts  over  the  evaporators.  This  con- 
figuration allows  the  coating  of  flat  sheet  type  parts  approximately  2 ft.  by  7 ft, 
cylindrically  shaped  parts  approximately  15  in.  diameter  by  7 ft  long,  or  numerous 
racked  small  parts. 

Parts  shown  in  Figure  11  are  typical  of  those  that  have  been  plated  in  the  Navy 
coater.  Although  all  parts  shown  were  not  coated  during  the  same  coating  cycle,  it 
can  be  said  that  the  coater  is  capable  of  doing  so. 


A plating  thickness  survey  made  on  one  of  the  complex  shaped  parts  is  illustrated 
in  Figure  12.  The  results  showed  the  coating  uniformity  to  be  at  least  equivalent 
to  conventional  coating  processes. 
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FIGURE  11  IVDCOA 


One  of  the  primary  benefits  of  IVD  aluminum  is  that  it  allows  the  replacement  of 
costly  high  strength  stainless  steel  with  lower  cost  aluminum  coated  low  alloy  steel. 
An  estimate  of  cost  savings  was  made  for  several  aircraft  parts  based  on  this  substi- 
tution. In  each  case  the  material  substitution  results  in  a significant  savings. 


As  a part  of  the  continuing  IVD  effort  at  McDonnell  Aircraft,  development  effort 
has  been  concentrated  on  a technique  for  coating  batch  quantities  (barrel  platinr ) 
of  small  parts.  Hie  feasibility  of  using  - a rotating  drum,  as  well  as  other  type 
parts  holders  have  been  established  and  patent  disclosures  of  the  plating  concepts 
have  been  made. 

Laboratory  tests  were  conducted  to  establish  optimum  parts  cleaning  and  plat- 
ing parameters.  Barrel  size  and  configuration  were  extensively  evaluated  for  best 
coating  results  and  coating  efficiency.  These  tests  provided  the  necessary  informa- 
tion to  design  and  build  a full-scale  IVD  barrel  coater  for  production  use.  A 
schematic  of  this  facility  is  shown  ir  Figure  13. 

A chamber  measuring  A ft.  diameter  and  6 ft.  long  will  be  the  basis  of  the 
coating  facility.  Two  barrels  positioned  side  by  side,  each  measuring  approximately 
15  inches  diameter  and  4 ft.  long,  with  evaporation  boats  located  below,  but  centered 
between  the  barrels  will  comprise  the  coating  apparatus.  A two  barrel  configuration 
will  be  used  to  take  advantage  of  the  tendency  of  the  parts  to  be  coated  to  partially 
climb  up  the  circumference  or  side  of  the  barrel  as  it  rotates.  When  the  evapora- 
tion boats  are  placed  between  the  two  barrels  and  the  barrels  then  rotated  in  oppo- 
site directions  the  coating  region  of  each  barrel  is  well  within  the  vapor  stream  of 
the  boats.  The  number  of  parts  that  can  be  coated  per  unit  time  is  therefore  doubled. 

An  estimate  of  cost  savings  was  made  based  on  replacing  a combination  of  high 
strength  sta.nless  steel  fastening  devices  with  IVD  aluminum  plated  alloy  steel 
fastening  devices  for  a specific  aircraft  application.  This  substitution  would  result 
in  a savings  of  several  thousand  dollars  per  aircraft. 


CONCLUSION 

IVD  aluminum  has  been  shown  to  have  significant  advantages  over  other  coatings 
commonly  used  to  protect  steel  and  aluminum  alloys.  Benefits  of  the  coating  are 
summarized  in  Figure  14.  Previously,  the  IVD  process  was  restricted  to  laboratory 
type  equipment  and  substrates  were  limited  to  simple  configuration  and  small  site. 
McDonnell  Aircraft's  8 years  development  experience  with  IVD  provided  the  founda- 
tion for  production  exploitation  of  this  plating  process  which  will  result  In 
reduced  maintenance  of  weapon  system  components  because  of  the  better  corrosion 
protection  and  fatigue  effects  of  IVD  aluminum. 
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THE  CORROSION  OF  6061  ALUMINUM  ALLOY  - THORNEL  50  GRAPHITE 
COMPOSITE  IN  DISTILLED  WATER  AND  NaCl  SOLUTION 


D.  L.  Dull,  W.  C.  Harrigan,  Jr.,  and  M.  F.  Amateau 
The  Aerospace  Corporation,  El  Segundo,  Calif.  90245 


ABSTRACT 


The  corrosion  behavior  of  an  6061  aluminum  alloy  - Thornel  50  graphite 
composite  has  been  examined  in  both  distilled  water  and  3.  5%  NaCl  solution  at 
three  temperatures  298K,  323K,  and  348K.  The  corrosion  rate  was  determined 
by  the  weight  change  and  was  monitored  for  times  upto  1000  hours.  The  corrosion 
rates  were  maximum  immediately  after  the  initial  immersion  and  decreased  with 
increasing  time  of  exposure.  The  NaCl  solution  was  far  more  corrosive  than  the 
distilled  water  and  increasing  temperature  resulted  in  increased  corrosion  rate. 
The  mode  of  attack  appears  to  be  crevice  corrosion  promoted  by  galvanic  coupling 
between  the  aluminum  matrix  and  graphite  fibers. 


I.  INTRODUCTION 


Aluminum-graphite  composites  containing  heat  treatable  matrix  alloys  have 
been  developed  for  use  as  structural  materials.  The  corrosion  behavior  of  this 
class  of  materials  during  exposure  to  marine  and  atmospheric  environments  is  of 
concern  because  of  the  expected  galvanic  coupling  effect  between  fiber  and  matrix. 

Previous  qualitative  studiss  of  the  corrosion  behavior  of  A356  aluminum 
alloy  - Thornel  50  graphite  composite  in  NaCl  solution  have  indicated  that  the  cor- 
rosion rate  of  the  composite  is  only  slightly  greater  than  the  alloy  matrix  material 
(Ref.  1)  This  is  attributed  to  the  galvanic  coupling  effect  of  the  graphite  fibers  that 
produce  the  anodic  polarization  of  the  aluminum  matrix.  Sedriks  et  al  (Ref.  2) 
have  studied  the  effects  of  galvanic  coupling  on  the  corrosion  behavior  of  an  alumi- 
num -boron  composite  in  a NaCl  solution.  Their  results  indicate  that  galvanic 
coupling  was  not  a problem  because  of  the  low  electrical  conductivity  of  the  boron. 
However,  they  did  observe  increased  localized  corrosion  at  the  metal  matrix- fiber 
interface. 

This  study  was  undertaken  to  examine  the  corrosion  behavior  of  60 61  alumi- 
num alloy  - Thornel  50  graphite  composites  in  distilled  water  and  in  a 3.  5%  NaCl 
solution  from  room  temperature  to  348K  (75°C).  The  objective  was  to  identify 
corrosion  problems  typical  of  this  class  of  materials.  It  is  anticipated  that  the 
results  will  aid  in  the  selection  of  new  matrix  compositions  and  fabrication  tech- 
niques that  will  minimize  corrosion. 
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II.  EXPERIMENTAL 


A.  MATERIALS 

The  composite  was  produced  by  liquid-metal  infiltration  of  the  carbon  yarn 
resulting  in  wire  1.6  mm  ( ~63  mils)  in  diameter.  The  composite  wire  was  con- 
solidated into  bars  6.  5 mm  (0.  25  in.  ) square  by  150  mm  (6  in.  ) long  by  pressing  at 
895K  (622°C)  under  2.  75  MPa  (400  psi)  pressure  for  15  min.  The  resulting  bars 
contained  30%  fiber  (0.  114  x 1CP  kg/m^  density).  The  composite  bars  were  machined 
into  specimens  5.85  mm  (0.  23  in.  ) square  by  16.  5 mm  (0.  65  in. ) long.  The  6061 
aluminum  alloy  specimens  were  made  from  0.  25  in.  (nominal)  plate  material  in 
the  T6  condition  and  annealed  for  1 hr.  at  773K  (500°C).  These  specimens  were 
machined  to  6.  35  mm  (0.  25  in.  ) by  7.  82  mm  (0.  312  in. ) by  15.  9 mm  (0.  625  in. ) 
long  and  ground  with  600-grit  silicon  carbide  paper. 

B.  TEST  PROCEDURE 


The  specimens  were  cleaned  by  immersing  them  in  an  ultrasonic  bath  of 
methyl  alcohol  for  15  minutes,  then  drying  in  vacuum  at  360K  (87°C)  for  30  min., 
and  cooling  in  a desiccator.  This  procedure  was  applied  before  each  specimen 
weighing.  The  corrosion  rates  were  determined  for  3.  5%  NaCl  solution  and  dis- 
tilled water  at  three  temperatures  298K  (25°C),  323K  (50°C),  and  348K  (75°C). 
These  temperatures  were  maintained  in  an  isothermal  bath  to  within  ±0.  5K.  The 
specimens  were  weighed  to  the  nearest  0.1  mg  before  they  were  immersed  in 
separate  jars  containing  glass  beads  to  maximize  surface  exposure.  The  jars  were 
loosely  covered  to  minimize  evaporation.  The  specimens  were  removed  at  approx- 
imately 48-hr.  intervals  and  cleaned  by  the  method  described  previously  before 
being  weighed.  The  total  environment  exposure  was  500  to  1000  hrs. 

II.  RESULTS  AND  DISCUSSION 


Typical  weight  change  data  for  composite  and  alloy  specimens  in  the  NaCl 
solution  and  distilled  water  at  298K  (25nC)  are  given  in  Fig.  1.  The  aluminum 
alloy-graphite  composite  undergoes  an  initial  weight  gain  after  immersion  in  the 
NaCl  solution,  while  the  alloy  undergoes  an  initial  weight  loss.  The  weight  change 
for  both  the  composite  and  the  alloy  subsequently  subsides  with  time.  The  initial 
weight  gain  of  the  composite  is  attributed  to  the  formation  of  hydrated  alumina  on 
both  the  matrix  and  the  exposed  graphite  fibers.  This  is  probably  caused  by  the 
alumina  diffusing  to  and  adsorbing  on  the  exposed  surface  of  the  graphite  fiber. 

The  subsequent  decrease  in  weight  gain  is  probably  the  result  of  the  spalling  of 
the  corrosion  products  from  the  surface  once  it  has  become  totally  covered  with 
hydrated  alumina.  In  distilled  water,  neither  the  composite  nor  the  alloy  showed 
any  detectable  change  in  weight  over  the  1000-hr.  period,  even  though  a very  thin 
film  covered  the  specimen  after  exposure.  This  apparent  stability  of  the  compos- 
ite is  attributed  to  the  low  conductivity  of  the  water  ( >1  M U cm)  used  in  this 
study.  Low  conductivity  of  water  in  a corroding  system  is  electrically  equivalent 
to  producing  an  open  circuit  between  the  metal  matrix  and  the  graphite.  The  re- 
sult is  a reduction  in  the  effect  of  the  galvanic  coupling  and  thus  an  overall  reduc- 
tion of  the  corrosion  rate.  The  eventual  stability  of  the  alloy  is  due  to  the  forma- 
tion of  a protective  hydrated  alumina  film.  The  characteristics  of  the  corrosion 
products  on  the  composites  for  these  conditions  has  been  examined  by  means  of 


scanning  electron  microscopy.  Although  visual  examination  showed  no  evidence 
of  corrosion  products  on  the  composite  specimen  exposed  to  distilled  water  at 
298K  (25°C),  a surface  film  was  detected  by  scanning  electron  microscopy.  This 
film  is  shown  in  Fig.  2(a).  In  the  NaCl  solution  (Fig.  2(b)),  the  film  is  consider- 
ably thicker  and  has  a cracked,  crazed,  or  granular  appearance  in  the  areas  where 
the  aluminum  alloy  had  been  exposed  to  the  environment.  In  both  cases,  however, 
the  corrosion  product  covers  the  graphite  fibers  that  were  exposed  to  the  environ- 
ment. 

A summary  of  the  rate  of  weight  change  at  0,  150,  and  300  hrs.  is  given  in 
Table  I for  the  three  temperatures  used  in  this  study.  The  reported  corrosion 
rates  are  an  average  of  measurements  taken  on  two  specimens  except  for  the  298K 
(25°C)  exposure,  in  which  case,  only  one  specimen  was  used.  The  corrosion  rate 
was  determined  by  taking  the  slope  on  the  weight  versus  time  plot.  The  trends  are 
clear.  Corrosion  is  most  severe  in  the  NaCl  solution.  In  addition,  the  composites 
undergo  a weight  gain,  and  the  alloy  undergoes  a weight  loss.  A general  increase 
in  corrosion  rate  with  temperature  for  all  materials  and  environments  is  also 
evident.  1 is  temperature  effect  is  shown  in  Fig.  3.  A significant  increase  in 
corrosion  rate  occurs  above  323K  (50°C)  for  the  composites,  especially  in  the 
NaCl  solution. 

The  corrosion  rates  for  various  exposures  for  both  the  alloy  and  composite 
in  distilled  water  are  shown  in  Fig.  4.  The  corrosion  rate  was  negligible  for  the 
alloys  at  all  temperatures  studied  and  negligible  for  the  composite  at  298K  (25°C). 
At  the  higher  temperatures,  some  weight  gain  was  observed  for  the  composite. 

The  behavior  of  the  composite  and  alloy  are  considerably  different  in  the 
NaCl  solution  (Fig.  5).  The  rate  of  weight  loss  for  the  alloy  specimens  in  NaCl 
solution  was  maximum  immediately  after  immersion  and  decreased  slightly  with 
time.  Although  the  scatter  in  a few  instances  was  great,  the  decrease  in  the  rate 
of  weight  gain  for  the  composite  specimens  at  29SK  (25°C)  and  323K  (50°C)  was 
evident.  At  348K  (75°C),  no  decrease  in  the  rate  of  weight  change  was  evident. 

At  348K  (75°C),  no  decrease  in  the  rate  of  weight  change  was  evident  after  300 
hrs.  The  chloride  ion  apparently  increased  the  corrosion  rate  by  promoting 
localized  film  breakdown,  leading  to  crevice  corrosion.  The  eventual  decrease 
in  corrosion  rate  generally  observed  can  be  attributed  to  hydrated  alumina  forming 
on  the  specimen  surface. 

A perpendicular  cross  section  of  a composite  specimen  exposed  to  the  NaCl 
solution  at  323K  (50°C)  is  shown  in  Fig.  6 at  a higher  magnification.  The  typical 
mode  of  attack  is  the  formation  of  a crevice  at  the  surface  and  proceeding  into  the 
specimen  along  a region  of  high  fiber  density.  The  swelling  of  the  composite, 
particularly  at  the  higher  temperatures,  is  the  result  of  the  rapid  formation  with- 
in the  crevice  of  large  amounts  of  hydrated  alumina  as  evidenced  from  x-ray  dif- 
fraction. The  postulated  model  leading  to  swelling  is  based  on  the  graphite  fibers 
being  able  to  catalyze  hydrogen  ion  reduction  faster  than  the  aluminum  matrix. 

The  resulting  effect  is  the  stimulation  of  aluminum  matrix  dissolution  to  form 
aluminum  ions.  These  aluminum  ions  can  then  hydrolyze  to  form  hydrogen  ions 
and  aluminum  hydroxide  that  is  eventually  transformed  into  hydrated  alumina. 
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CONC  LUSIONS 


1.  The  corrosion  rate  of  the  composite  material  in  NaCl  solution  increases 
markedly  with  temperature,  particularly  above  323K. 

2.  The  mechanism  of  attack  is  by  crevice  corrosion  along  the  regions  of 
high  fiber  density. 

3.  The  galvanic  couple  effect  between  the  matrix  and  the  graphite  fiber  is 
the  significant  factor  in  the  corrosive  behavior  of  the  composite. 

4.  A practical  approach  to  eliminate  this  corrosion  problem  will  be  use 
use  of  aluminum  cladding. 
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FIGURE  I.  TYPICAL  WEIGHT  CHANGE  BEHAVIOR  FOR 
6061  ALUMINUM  ALLOY  - THORNEL  50  GRAPHITE  COMPOSITE 
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FIGURE  2.  SCANNING  ELECTRON  MICROGRAPHS  OF 
CORROSION  PRODUCTS  FORMED  ON  COMPOSITE  AFTER 
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DISTILLED  WATER  AT  298K  (300X) 
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FIGURE  3.  CORROSION  RATES  AFTER  150  HR.  OF 
EXPOSURE  FOR  6061  ALUMINUM  ALLOY  - 
THORNEL  50  GRAPHITE  COMPOSITE  AND  6061 
ALUMINUM  ALLOY  IN  3.  5%  NaCl  SOLUTION 
AND  DISTILLED  WATER  AT  VARIOUS  TEMPERATURES 
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FIGURE  4.  THE  EFFECT  OF  EXPOSURE  TIME  ON  THE 
CORROSION  RATE  OF  6061  ALUMINUM  ALLOY-THORNEL  50  GRAPHITE 
COMPOSITE  IN  DISTILLED  WATER  AT  323K  AND  348K 
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ULTRA  HIGH  STRENGTH  CORROSION- IMMUNE  BOLTING  ALLOYS 


Edward  Taylor 
Standard  Pressed  Steel  Co. 
Jenkintown,  Pa.  19046 


INTRODUCTION: 

Higher  speeds,  higher  temperatures,  and  higher  loads  necessitate  higher 
strength  bolting  for  military  aircraft.  The  movement  to  ultra  high 
strength  levels  and  high  applied  stresses  usually  causes  concern  over 
stress  corrosion  cracking  and  hydrogen  embrittlement,  both  of  which  are 
arch  enemies  of  metals.  Extensive  evaluations  of  materials  have  shown 
that  180,000  psi  is  a critical  number  above  which  caution  ir  exercised 
to  a much  greater  degree,  because  of  increased  susceptibility  to  metal 
failure.  Even  so,  many  applications  no.v?  require  strength  levels  of 

220.000  and  260,000  psi  where  emphasis  on  structural  integrity  is  of 
paramount  importance. 

A number  of  years  ago,  MP35N™  , a member  of  the  MULTIPHASE™  alloy 
family,  was  introduced  to  the  aerospace  industry  as  an  alloy  capable  of 

260.000  psi  strength  levels  without  the  threat  of  stress  corrosion  crack- 
ing or  hydrogen  embrittlement  A ^ ) Since  then,  the  alloy  has  been  used 
successfully  in  many  applications  ranging  from  below  the  surface  of  the 
sea  to  the  moon  and  beyond.  It  is  replacing  martensitic  age  hardenable 
stainless  steel  bomb  rack  springs  and  pins,  providing  a 10  year  minimum 
corros ion- free  performance  for  a threaded  connection  in  a Navy  missile 
launch  tube,  designed  into  above  and  below  waterline  applications  in  the 
new  surface  effect  ships,  and  is  replacing  high  strength  maraging  steel 
missile  fin  deployment  springs.  MP35N  bolts  are  also  being  used  in  the 
water  brake  system  on  steam  catapults  where  they  replaced  cadmium  plated 
alloy  steel.  The  alloy  was  selected  for  interference  fit  and  maximum 
galvanic  compatibility  with  titanium  for  use  on  the  F-14  aircraft.  Inasmuch 
as  no  failures  have  yet  been  reported  which  are  due  to  a corrosive  attack, 
the  MP35N  alloy  is  enjoying  a climate  of  trust  and  is  guaranteeing  structural 
integrity  in  many  military  applications. 

Now,  another  alloy  of  the  MULTIPHASE  family  has  been  introduced  and  is 
called  MP159™.  This  alloy  also  provides  260,000  psi  strength  levels,  is 
usable  to  1100°F,  and  is  not  susceptible  to  stress  corrosion  cracking  or 
hydrogen  embrittlement  based  on  standard  laboratory  test  methods. 

Efforts  to  initiate  crevice  corrosion  and  pitting  attack  have  not  been 
successful  either. 

PROPERTIES  : 


The  nominal  composition  of  the  MULTIPHASE  alloys  contains  liberal  amounts 
of  cobalt,  nickel,  chromium,  and  molybdenum  as  shown  in  Table  I.  The 
principal  difference  in  composition  between  the  two  alloys  is  the  addition 
of  iron,  titanium,  and  minor  elements  at  the  expense  of  nickel  and 
molybdenum  in  the  MP159  alloy. 
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PROPERTIES  - Continued 


Strength,  achieved  by  working  and  aging,  results  in  values  like  those 
given  in  Table  II.  The  MP159  alloy  provides  a wider  spectrum  cf  mechanical 
property  capabilities  than  its  predacesaor  the  MP35N  alloy,  and  many 
other  high  strength  alloys  such  as  H-ll,  PH13-8  Mo,  Custom  455,  Maraging 
steel  and  even  high  temperature  materials  such  as  Rene  95  up  to  1200°F. 

A plot  of  ultimate  tensile  strength  vs.  testing  temperature  (Figure  1) 
reflects  the  ability  of  the  MP159  alloy  to  exceed  the  service  temperature 
limits  of  other  high  strength  alloys. 

Based  on  stress  relaxation  and  thermal  stability  studies,  1100°F  appears 
to  be  a safe  temperature  limitation  in  normal  stress-life  time  applications. 

In  service  applications  where  life  expectancy  is  relatively  short,  1150°F 
and  even  1200°F  can  be  considered. 

Although  many  of  these  properties  are  available  from  various  alloys,  the 
MP35N  and  MP159  allovs  offer  high  strength  and  corrosion  resistance  con- 
currently as  a functional  feature. 

ENVIRONMENTAL  PERFORMANCE: 

Resistance  to  crevice  corrosion,  as  determined  by  immersion  in  10%  ferric 
chloride  solution  at  room  temperature,  yielded  unattacked  surfaces.  Tape 
and  rubber  bands  applied  around  bolt  shanks  for  up  to  96  hours  did  not 
initiate  attack  on  the  MULTIPHASE  alloys,  as  they  did  on  other  corrosion 
resistant  alloys  in  only  6 hours,  as  shown  in  Figure  2. 

A simulated  service  test,  employing  aluminum  alloy  cylinders  was  conducted. 
External  wrenching  bolts  were  loaded  at  75%  of  actual  ultimate  tensile 
strength  after  being  swabbed  with  a 3,5%  NaCl  solution.  After  a period 
of  approximately  100  hours,  the  cylinders  were  unloaded.  No  failures  were 
observed  with  MP35N  or  MP159  bolts  for  periods  up  to  10  cycles  although 
other  high  strength  alloys  did  fail  because  of  the  hydrogen  embrittlement 
produced  ^,3)>  Atomic  hydrogen,  generated  on  the  cathodic  bolt  during 
sacrificial  corrosion  of  the  aluminum  cylinder,  diffused  into  the  metal 
and  caused  a brittle  fracture. 

Sustained  load  tests  with  cadmium  plated  and  unbaked  MP159  bolts  did  not 
cause  failure  during  200  hours  at  75,  85,  and  90%  of  ultimate  tensile 
strength.  Similarly,  MP35N  notched  bars  with  a Kt  of  6.0  were  loaded 
at  90%,  NTS  after  cadmium  plating  and  did  not  fail  during  a 600  hour  period^^. 
This  data  is  in  contrast  to  failures  observed  for  other  high  strength 
materials  under  the  same  conditions.^) 

Tiie  MP35N  and  MP159  alloys  are  noble  metals  with  sea  water  potentials  near 
that  of  titanium.  When  coupled  to  less  noble  metals,  the  latter  are 
attacked  galvanically.  Even  in  the  salty  air  near  the  sea,  aluminum  panels 
are  attacked  around  fastener  heads  unless  protective  coatings  are  employed. 
When  installed  in  titanium  alloy  structure  and  exposed  to  a chloride 
nvironment  , no  corrosion  is  observed  on  either  metal. 
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ENVIRONMENTAL  PERFORMANCE  - Continued: 


Although  the  MP159  alloy  is  too  new  to  have  gathered  long  term  corrosion 
data,  che  MP35N  alloy  has  been  tested  in  a number  of  environments  which 
show  off  its  uniqueness.  For  example,  a wire  rope  (1/8  x 7 x 19)  was 
exposed  at  Wrightsville  Beach,  N.C.  so  that  5 ft.  were  constantly  exposed 
to  the  atmosphere,  4 ft.  were  bathed  by  the  rising  and  falling  tide,  2 ft. 
were  in  the  muddy  bottom  and  the  remainder  was  constantly  wet.  After  six 
years  of  this  exposure,  no  apparent  corrosion  was  observed  during  a 
careful  metallographic  examination. 

In  a solution  of  3%  NaCl,  0.57a  acetic  acid,  saturated  with  H2S  , MP35N 
smootli  bars  were  loaded  to  757,  yield  strength,  where  they  did  not  fail 
after  1100  hours  of  exposure,  compared  to  just  a few  hours  for  alloy  steels 
of  the  same  strength  level. (')  Based  on  these  findings,  a 20,000  foot 
instrumentation  cable  was  constructed  of  MP35N  alloy  for  use  in  sour  oil 
wells  where  other  corrosion  resistant  alloys  lack  the  strength  or  cannot 
provide  the  same  degree  of  resistance?  to  stress  corrosion  cracking  or 
hydrogen  embrittlement. 

In  a severe  electrochemical  tost,  MP35N  notched  specimens  were  loaded  to 
907,  notched  tensile  strength  in  salt  solutions  and  electrolyticaliy  charged 
to  generate  hydrogen  or  oxygen.  After  a considerable  period  of  time,  MP35N 
specimens  did  not  fail  due  to  a stress  corrosion  cracking  environment  but 
did  fail  due  to  hydrogen  embrittlement.  However,  it  was  far  better  than 
anything  else  tested. 

In  chemical  solutions,  the  MP35N  alloy  performs  with  behavior  similar  to 
Hastelloy  C.  It  is  readily  attacked  by  boiling  hydrochloric  acid  but  holds 
up  in  the  Streicher  and  Huey  tests.  Corrosion  rates  are  also  known  for 
several  other  solut ions . (5) 

SUMMARY : 

Ths  superior  corrosion  resistance  demonstrated  for  MP35N  and  MP159  alloys 
indicates  their  applicability  for  a variety  of  environments  ranging  from 
outer  space  to  inner  space.  The  corrosion  immunity  of  these  alloys,  in 
combination  with  high  strength  and  elevated  temperature  capability,  allows 
them  to  provide  fastening  free  of  troubles.  Protective  coatings  are  not 
required,  although  they  can  be  applied  for  lubrication  or  protection  of 
mating  surfaces. 
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TABLE  I 


Chemistry  of  MULTIPHASE  Alloys 


Alloy 

Co 

Ni 

Cr 

Mo 

Fe 

Ti 

Cb 

A1 

MP35N 

35 

35 

20 

10 

MP159 

35 

26 

19 

7 

8 

3 

.6 
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TABLE  II 

Mechanical  Properties  of  MULTIPHASE  Alleys 


Alloy 

Stress , 
UTS  Yield 

KSI 

Shear 

Elong- 
ation. % 

Reduction 
of  Area.% 

MP35N 

286 

255 

145 

11 

39 

MP159 

280 

275 

140 
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'•  HRS.  96  HRS.  6 HRS.  6 HRS. 

PH’  3 6 MO  CUSTOM  Ar 


MP39N  96  HRS. 


Figure  2.  Crevice  corrosion  test  in  1U7«  FeCl.3  at  room 
temperature  caused  pitting  and  severe  attack 
of  alloys  other  than  the  MULTIPHASE  Alloys. 


Figure  3.  Stress  corrosion  cracking  test  assembly  and 

exposed  MULTIPHASE  bolt  reveal  no  evidence  of 
corrosion  due  to  crevice  or  galvanic  conditions 


NO  FAILURE  AFTER  5000  HOURS  IN 
3.5  NA  CL  ALTERNATE  IMMERSION  AT 
75%  U.T.S. 
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HOT  CORROSION  BEHAVIOR  OF  MAJOR  COMPONENT 
PHASES  OF  NICKEL-BASE  SUPERALLOYS 

G.  Romeo  and  D.W.  McKee 
Corporate  Research  and  Development 
General  Electric  Company 
Schenectady,  New  York  12301 

ABSTRACT 

A study  has  been  carried  out  of  the  differences  in  hot 
corrosion  behavior  of  ma]or  component  phases  of  Ni-base  superalloys 
at  850°  and  900°C.  Ni-Cr,  Ni-Al , and  Ni-Cr-Al  alloys  have  been 
coated  with  sodium  sulfate  and  exposed  to  oxygen  or  H2S-H2  gas 
mixtures,  in  order  tc  provide  large  variations  in  oxygen  and  sulfur 
potential  at  the  gas-scale  interface.  The  composition  of  the 
alloys  corresponded  to  the  nominal  gamma  matrix,  the  gamma-prime 
strengthening  phase,  and  a system  in  which  both  these  two  phases 
are  present.  The  corrosive  attack  was  monitored  continuously  by 
thermogravimetry,  and  a morphological  study  of  the  corrosion 
products  was  carried  out  by  optical  microscopy,  electron  microprobe 
and  X-ray  diffraction.  The  results  indicate  that  the  extent  and 
mechanism  of  corrosion  of  the  separate  phases  is  strongly  influenced 
by  the  composition  of  the  environment.  Comparison  between  the 
different  phases  under  study  has  shown  that  the  gamma-prime  phase 
is  a weak  link  in  the  overall  corrosion  problem. 


INTRODUCTION 

Nickel  base  superalloys  employed  in  gas  turbines  frequently 
undergo  accelerated  corrosion  in  the  presence  of  sodium  sulfate 
deposits.  A high  rate  of  degradation  of  the  metal  and  the  complex 
morphology  of  the  corrosion  scales  characterize  this  type  of 
attack,  generally  labeled  as  "hot  corrosion"  to  distinguish  it 
from  ordinary  oxidation  processes  (1-6).  In  the  past  two  decades 
numerous  studies  have  been  carried  out  on  the  subject  of  hot 
corrosion,  and  several  mechanisms  have  been  advanced  to  account 
for  it.  Yet,  to  date  a generalized  explanation  for  hot  corrosion 
has  not  been  made  available,  mainly  because  catastrophic  attack 
with  comparable  corrosion  products  can  occur  for  different  alloys 
in  a variety  of  environmental  situations.  However,  the  literature 
data  point  out  to  two  main  aspects  of  hot  corrosion: 

1.  Diffusion  of  sulfur  from  the  salt/melt  interface  into 
the  alloy.  This  favors  internal  precipitation  or 
chromium/sulfide  particles,  which  depletes  the  alloy 
in  chromium  and  reduces  its  corrosion  resistance  (7-8). 


III? 


2. 


Fluxing  by  the  sodium  sulfate  film  of  oxides  such  as 
AI2O3  and  CriO},  which  would  offer  protection  to  the 
alloy  in  ordinary  oxidation  conditions.  The  solubility 
of  these  oxides  in  the  salt  melt  can  be  influenced 
by  elements  such  as  molybdenum,  vanadium,  tungsten, 
etc. , that  diffuse  outward  from  the  alloy  into  the 
melt  and  modify  the  composition  of  the  latter.  (3) 

On  tno  other  hand,  catastrophic  corrosion  rates  can  be 
originated  by  transient  reducing  conditions  in  the  environment. 

As  NaoSCh  is  reduced  to  Na;.S,  the  resulting  increase  in  sulfur 
potential  at  the  salt/scale  interface  can  provide  the  driving 
force  for  sulfur  penetration  into  the  alloy.  In  this  case 
sulfidation  mechanisms  may  prevail  over  dissolution  mechanisms, 
especially  when  formation  of  the  liquid  nickel-nickel  sulfide 
eutectic  can  take  place  (9,10). 

The  correlation  between  alloy  chemistry  and  rate  of  attack 
has  been  the  subject  of  considerable  investigation  in  the  past 
years  (3,4).  However,  little  effort  has  been  made  to  study  the 
effect  of  alloy  microstructure  on  corrosion  rates.  The  micro- 
structure of  a nickel-base  superalloy  consists  of  several  phases 
(4),  the  most  important  of  which  are  the  f.c.c.  gamma  matrix,  a 
solid  solution  of  chromium  in  nickel,  with  lesser  amounts  of  other 
elements  such  as  aluminum,  titanium,  etc.;  and  the  gamma-prime  phase, 
an  ordered  intermetall ic  compound  of  nickel  and  aluminum  which 
imparts  high  temperature  strength  to  the  alloy. 

Since  both  sulfur  diffusivity  ana  the  capability  of  forming 
protective  oxides  (12)  may  be  considerably  different  for  the 
various  phases  present  in  a superalloy,  we  thought  it  useful  to 
undertake  a study  in  the  temperature  range  850°  to  900°C  of  the 
hot  corrosion  behavior  of  alloys  of  nominal  composi-tion  correspon- 
ding to  the  gamma  matrix  and  the  gamma-prime  phases,  in  order  to 
determine  their  separate  influence  on  the  overall  hot  corrosion 
resistance  of  the  complex  superalloy.  This  paper  summarizes  part 
of  the  results  of  experiments  in  which  specimens  of  the  nominal 
gamma  matrix  and  gamma-prime  phases  were  exposed  to  environments 
simulating  oxidizing  and  reducinq  conditions  in  the  presence  of 
sodium  sulfate  deposites. 


EXPERIMENTAL 

Ingots  of  nominal  composition  (wt.%)  Ni-35Cr,  Ni-20Cr,  Ni- 
13.3A1  and  Ni-10.4Cr-13.5Al  were  cast  in  argon  after  induction 
melting.  Table  I shows  schematically  the  correspondence  between 
these  alloys  and  the  phases  of  interest  to  this  study.  The  gamma 
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matrix  has  a fairly  wide  range  of  existence  in  the  Ni-Cr  phase 
diagram  (13);  accordingly,  two  compositions  were  chosen  corre- 
sponding to  an  upper  and  a medium  level  of  chromium.  The  composi- 
tion Ni-13Al  corresponds  to  the  center  of  the  narrow  range  of 
existence  of  the  gamma-prime  phase  in  the  Ni-Al  phase  diagram  (14). 
Finally,  the  ternary  Ni-10Cr-13Al  alloy  was  used  to  simulate  a 
mixture  of  gamma  matrix  and  gamma-prime  phases  (15) . 

TABLE  I 
ALLOY  SYSTEMS 


gamma  matrix 


Ni- 35Cr 
Ni-20Cr 


gamma-prime 


= Ni-13A1 


gamma  + gamma-prime  = Ni-10Cr-13Al 


Platelets  were  machined  out  of  each  ingot,  and  after  grind- 
ing their  surface  through  600  grit  silicon  carbide  paper  they 
were  annealed  in  oxygen  for  4 to  6 hours  at  reaction  temperature, 
in  order  to  grow  a layer  of  oxide  which  simulated  the  real  condi- 
tion of  metal  surfaces  in  a gas  turbine  during  operation.  The 
specimens  were  then  spray-coated  with  sodium  sulfate,  prior  to 
exposing  them  to  the  corrosive  atmospheres.  The  extent  of 
corrosion  was  monitored  with  a continuous  recording  microbalance. 
Standard  metallographic  examinations,  electron  microprobe  and  X-ray 
diffraction  analyses  were  carried  out  or  the  specimens  at  the  end 
of  the  experiments. 

The  specimens  were  exposed  to  two  types  of  environments: 

1)  NajSO*.  + H2S-H2  and  2)  Na2S04  + 0? . Sodium  sulfate  coatings 
and  hydrogen-sul f ide-hydrogen  gas  mixtures  were  used  to  simulate 
high  sulfur  potentials,  a situation  that  can  occur  in  gas  turbines 
in  the  presence  of  transient  reducing  conditions.  Sodium  sulfate 
coatings  and  oxygen  were  used  to  simulate  oxidizing  conditions, 
which  are  prevailing  in  a gas  turbine  environment.  The  experiments 
were  carried  out  with  the  gases  flowing  at  atmospheric  pressure  at 
a rate  of  about  1/2  liter/minute,  and  the  temperature  was  maintained 
in  most  cases  at  900°C. 


RESULTS  AND  DISCUSSION 

Reducing  Environments 

Fig.  1 shows  the  morphology  of  the  corrosion  product  of  a 
Ni-35Cr  nlloy  which  was  exposed  tor  2 1/2  hours  to  a 10%  H2S-Bal. 
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H 2 gas  mixture  at  850°C.  The  scale  consisted  of  an  outer  layer  of 
nickel  sulfide  (Ni  a S 2 ) v.'hich  was  molten  at  temperature,  and  an  inner 
layer  of  chromium  sulfide  (CrsS^).  Nickel  sulfide  stringers  can  be 
noticed  in  this  inner  layer  as  a result  of  penetration  of  a liquid 
phase  preferentially  along  grain  boundaries  (16).  In  this  case 
fast  formation  of  molten  nickel  sulfide  was  mainly  responsible  for 
accelerated  corrosion  of  the  gamma  matrix-type  alloy.  Attempts 
were  made  to  see  whether  a pre-existing  layer  of  oxide  could  have 
prevented  the  formation  of  liquid  nickel  sulfide.  Actually,  the 
oxide  layer  only  delayed  catastrophic  attack,  which  eventually 
took  place 

Fig.  2 shows  the  weight  gain  curves  for  specimens  of  a 
Ni-35Cr  alloy  treated  directly  with  the  hydrogen  sulfide-hydrogen 
mixture  or  pre-oxidized  prior  to  sulfidation.  In  all  cases  within 
the  first  two  hours  the  weight  gain  amounted  to  about  30  mg/cm2. 
However,  in  the  case  of  the  pre-oxidized  specimen  the  attack  was 
delayed  because  of  the  time  required  for  sulfur  to  diffuse  through 
the  oxide  layer.  Instead,  in  the  case  of  the  specimen  pre-oxidized 
and  coated  with  2 mg/cm2  of  sodium  sulfate  either  a coherent 
protective  oxide  could  not  form  or  it  was  fluxed  out  by  the  film 
of  molten  salt  so  that  the  incubation  period  for  accelerated  corrosion 
was  reduced.  Concurrently,  the  composition  of  the  salt  melt  was 
modified  by  the  reducing  action  over  Na2S04  of  hydrogen  in  the 
reaction  atmosphere.  The  latter  was  partially  converted  into  Na2S, 
resulting  in  increased  sulfur  potential  at  the  salt/melt  interface. 
Analogous  results  were  obtained  with  specimens  of  a Ni-20Cr  alloy 
when  exposed  to  H2S-H2  atmospheres. 

In  similar  environmental  conditions  characterized  by  high 
sulfur  potentials,  the  gamma  prime  phase  shows  some  tendency  to 
form  a liquid  nickel  sulfide,  although  to  a lesser  degree  than  the 
gamma  matrix.  Fig.  3 shows  the  weight  gain  curves  for  two  specimens 
of  nominal  gamma-prime.  The  lower  curve  (a)  corresponds  to  a speci- 
men treated  directly  with  the  10%  H2S-H2  gas  mixture.  The  weight 
gain  after  several  hours  was  not  as  marked  as  in  the  case  of  the 
upper  curve  (b)  corresponding  to  a specimen  pre-oxidized  and  coated 
with  9 mg/ern2  of  sodium  sulfate.  In  this  latter  case  any  barrier  to 
sulfidation  provided  by  protective  oxides  was  removed  by  the  fluxing 
action  of  the  sodium  sulfate  melt.  However,  a comparison  of  the 
diagrams  in  Figs.  2 and  3 demonstrates  that  the  attack  was  less 
extensive  than  in  the  case  of  the  gamma  matrix  system.  Fig.  4 
shows  the  morphology  of  the  corrosion  scale  corresponding  to  curve 
(b)  in  Fig.  3,  consisting  mainly  of  NisS2  in  all  probability  molten 
at  temperature. 
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The  above  results  indicate  that  in  environmental  conditions 
leading  to  high  sulfur  potentials  and  in  the  presence  of  molten 
films  of  sodium  sulfate  both  the  gamma  matrix  and  the  gamma-prime  \ 

phase  show  scarce  resistance  to  corrosion,  mainly  because  of  very 
rapid  formation  of  the  liquid  nickel-nickel  sulfide  eutectic. 

: 

Oxidizing  Conditions 

A different  situation  occurs  when  gamma  matrix  and  gamma- 
prime  are  corroded  in  oxidizing  conditions.  Fig.  5 shows  the  weight 
gain  curve  for  a specimen  of  Ni-20Cr  coated  with  10  mg/cm2  of  \ 

sodium  sulfate  and  exposed  to  oxygen  at  900°C  for  about  6 days. 

The  initial  weight  gain  of  the  specimen  amounted  to  less  than 
1 mg/cm2  within  the  first  day,  after  which  the  rate  of  evaporation 
of  sodium  sulfate  became  higher  than  that  of  weight  gain  and  the 
specimen  started  losing  weight.  These  results  agree  qualitatively 
with  those  of  Goebel  at  al  (3)  and  those  of  Hardt  et  al  (17)  for 
Ni-Cr  alloys  of  similar  composition.  The  specimen  cross  section  is 
shown  in  Fig.  6.  The  scale  was  found  to  consist  of  an  outer  layer 
of  NiO  and  an  inner  layer  of  Cr203.  Internal  precipitates  of 
chromium  sulfide  can  still  be  detected  within  the  alloy.  In  this 
case,  however,  the  scale  offered  a considerable  resistance  to 
corrosive  attack,  most  probably  because  at  low  sulfur  potentials 
relatively  little  sulfur  diffuses  through  the  compact  scale,  and 
at  the  same  time  the  rate  of  dissolution  of  NiO  and  Cr203  in  the 
sodium  sulfate  melt  is  very  slow. 

A much  larger  rate  of  attack  was  instead  noticed  when  a 
specimen  of  nominal  gamma-prime  was  coated  with  sodium  sulfate  and 
exposed  to  oxygen  at  900°C.  Fig.  7 shows  three  weight  gain  curves 
for  specimens  of  gamma-prime  coated  with  different  amounts  of 
sodium  sulfate.  In  all  cases  an  initial  stage  of  rapid  attack  was 
noticed,  the  extent  of  which  was  roughly  proportional  to-  the  amount 
of  sodium  sulfate  coating.  In  a subsequent  stage  the  curves  tend  to 
taper  off.  Fig.  8 shows  the  scale  grown  on  one  of  the  specimens. 

The  corrosion  product  was  found  to  consist  mainly  of  porous  NiO, 
together  with  particles  of  a-Al203.  The  scarce  resistance  to  hot 
corrosion  in  oxidizing  conditions  of  the  gamma-prime  phase  is 
probably  due  to  the  initial  formation  of  a discontinuous  layer  of 
Al 20 3 at  its  surface.  If  this  layer  is  dissolved  by  the  film  of  molten 
sodium  sulfate  the  growth  of  a porous  layer  of  NiO  is  favored.  This 
porous  scale  progressively  separates  the  sodium  sulfate  film  from 
the  metal;  consequently,  the  slope  of  the  weight  gain  curves 
progressively  decreases.  Crucible  tests  have  indeed  indicated  that 
exposure  of  specimens  of  gamma-prime  to  excess  sodium  sulfate  at 
900°C  in  air  results  in  their  total  destruction  after  only  two 
hours.  It  can  be  then  concluded  that  in  purely  oxidizing  conditions 
the  gamma  matrix  offers  excellent  resistance  to  hot  corrosion, 
while  the  gamma-prime  appears  to  be  a "weak  link"  in  the  overall 
hot  corrosion  process  of  a superalloy. 
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The  System  Gamma  + Gamma-Prime 


Experiments  were  also  carried  out  with  a ternary  alloy  of 
composition  (wt.%)  Ni-10.4Cr-13.5Al,  to  simulate  a system  in  which 
at  high  temperature  the  two  major  phases  gamma  and  gamma-prime 
coexist.  Specimens  of  this  ternary  alloy  were  exposed  to  reducing 
and  oxidizing  environments,  as  described  previously  for  the  binary 
Ni-Cr  and  Ni-Al  alloys. 

Fig.  9 shows  the  dramatic  difference  between  the  corrosive 
attack  in  the  absence  and  in  the  presence  of  sodium  sulfate  coatings. 
The  top  micrograph  shows  the  relatively  little  amount  of  corrosion 
scale  formed  on  a specimen  of  Ni-10Cr-13Al  alloy  pre-oxidized  and 
exposed  isothermally  to  a 10%  H2S-H2  gas  mixture  for  8 hours.  In 
this  case  evidently  the  oxide  layer  offered  some  barrier  to  the 
inward  diffusion  of  sulfur,  and  the  attack  was  confined  to  a narrow 
surface  layer.  On  the  contrary,  when  another  specimen  of  the  same 
alloy  was  pre-oxidized  and  coated  with  2 mg/cm2  of  sodium  sulfate, 
catastrophic  attack  took  place,  as  demonstrated  by  the  massive  and 
complex  corrosion  product  in  the  lower  micrograph  of  Fig.  9.  In 
this  case  the  fluxing  action  of  uhe  melt  was  combined  with  the 
presence  of  high  sulfur  potentials,  which  favored  the  formation  of 
a liquid  nickel  sulfide  phase  and  the  extensive  disruption  of  the 
alloy  surface  layer.  The  attack  appears  to  propagate  preferentially 
at  the  darker  areas  in  the  alloy,  of  composition  corresponding  to  the 
gamma-prime.  Fig.  10  shows  the  weight  gain  curves  for  specimens 
of  a Ni-10Cr-13Al  alloy  exposed  at  850°C  to  a 10%  H2S-H2  gas  mixture, 
for  different  conditions  of  the  metal  surface.  Comparing  curve  (a) 
in  Fig.  10  with  the  curves  in  Fig.  2 shows  that  addition  of  aluminum 
to  a binary  Ni-Cr  alloy  delays  considerably  catastrophic  attack, 
probably  because  of  initial  formation  of  a protective  barrier  of 
oxides  and  sulfides  of  aluminum  and  chromium.  Subsequent  depletion 
of  the  alloy  in  these  elements  favors  the  formation  of  the  liquid 
Ni-Ni2S2  eutectic,  and  the  reaction  becomes  much  faster.  The  in- 
fluence of  a protective  oxide  in  delaying  sulfidation  is  also  shown 
by  curve  (c)  in  Fig.  10,  corresponding  to  a specimen  pre-oxidized 
prior  to  sulfidation  with  the  H2S-H2  mixture,  but  not  exposed  to 
any  fluxing  action  of  sodium  sulfate.  Curves  (b)  and  (d)  show 
instead  that  removal  of  protective  oxides  by  the  molten  sodium  sulfate 
coating  originates  catastrophic  attack  soon  after  the  reaction  is 
started. 

When  the  same  Ni-10Cr-13Al  alloy  was  exposed  ;o  oxidizing 
environments  in  the  presence  of  sodium  sulfate,  a much  larger 
incubation  period  appeared  to  precede  the  onset  of  accelerated 
attack.  Fig.  11  shows  the  weight  gain  curves  for  two  specimens  of 
Ni-10Cr-13Al  pre-oxidized,  coated  with  10  mg/cm2  of  sodium  sulfate 
and  exposed  to  oxygen  at  900°C.  In  this  case  the  oxide  layer  formed 
on  the  alloy  was  found  to  consist  of  a mixture  of  Ni-Cr  and  Ni-Al 
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spinels,  as  shown  by  the  micrograph  in  Fiq.  12.  Again,  the  rate  of 
dissolution  of  the  oxide  scale  in  the  melt  vTas  the  factor  retarding 
accelerated  attack  of  the  alloy.  The  difference  in  the  duration  of 
the  incubation  period  is  probably  to  be  ascribed  to  non-uniformity 
of  the  oxide  film  thickness  due  to  variations  in  the  surface 
preparation  of  the  specimen.  It  is  worth  noting  that  in  Fig.  12 
the  attack  proceeds  internally  at  localized  areas,  the  composition 
of  which  was  found  to  correspond  to  the  gamma-prime  phase;  a larger 
amount  of  sulfur  appears  to  have  diffused  into  the  alloy  at  these 
areas  possibly  as  a result  of  a larger  density  of  grain  boundaries. 

CONCLUSIONS 

The  hot  corrosion  behavior  of  an  alloy  depends  on  the  alloy 
chemistry,  its  microstructure  and  the  composition  of  the  corrosive 
environment.  Because  of  its  inherent  complexity,  a generalized 
model  for  hot  corrosion  is  not  yet  possible. 

The  gamma  matrix  undergoes  catastrophic  corrosion  in  environ- 
ments characterized  by  high  sulfur  potentials.  At  low  sulfur 
potentials,  such  as  those  prevailing  in  a gas  turbine  environment, 
the  gamma  matrix  shows  excellent  resistance  to  corrosion.  On  the 
contrary,  the  gamma-prime  undergoes  hot  corrosion  both  in  reducing 
and  oxidizing  environments.  In  addition,  the  gamma-pi  ime  is  nwch 
less  resistant  than  the  gamma  matrix  in  oxidizing  environments, 
and  can  be  considered  a "weak  link"  in  the  overall  corrosion  process 
of  commercial  nickel-base  alloys. 

Studies  of  the  rate  of  dissolution  in  molten  sodium  sulfate 
of  protective  oxides,  and  of  the  correlation  between  alloy  micro- 
structure and  accelerated  attack  would  provide  a better  understand- 
ing of  hot  corrosion  processes. 

ACKNOWLEDGMENT 

Part  of  this  work  was  supported  by  the  U.S.  Department  of 
Commerce  under  Contract  No.  0-35510.  The  authors  are  grateful  to 
H.S.  Spacil,  C.S.  Tedmon,  Jr.,  R.E.  Hanneman  and  R.L.  McCarron  for 
useful  discussion,  and  to  the  Materials  Characterization  Operation 
staff  of  the  General  Electric  R&D  Center  for  technical  support. 

A more  detailed  paper  on  this  subject  has  been  accepted  for 
publication  by  the  Journal  of  The  Electrochemical  Society. 


REFERENCES 


1.  "Hot  Corrosion  Problems  Associated  with  Gas  Turbines", 

ASTM  Special  Technical  Publication  No.  421  (1967). 

2.  J.  Stringer,  "Hot  Corrosion  in  Gas  Turbines",  MCIC  Report 
No.  72-08,  Battelle-Columbus  (1972). 

3.  J. A.  Goebel,  F.S.  Pettit  and  G.W.  Goward,  Met.  Trans., 

261  (1974). 

4.  N.S.  Bornstein  and  M.A.  DeCrescente,  Corrosion,  2£,  209  (1970). 

5.  A.M.  Beltran  and  D.A  Shores,  "Superalloys",  ed.  by  C.T.  Sims 
and  W.C.  Hagel,  J.  Wiley  & Sons,  P.  317  (1972). 

6.  D.W  McKee  and  G.  Romeo,  Met.  Trans.,  £,  1877  (1973). 

7.  A.U.  Seybolt,  Trans.  AIME , 242^,  1955  (1968). 

8.  A.U.  Seybolt,  "NaaSO^-Superalloy  Corrosion  Mechanism  Studies", 
General  Electric  Co.,  Corp.  R&D  Report  No.  70-C-189  (1970). 

9.  D.W.  McKee  and  G.  Romeo,  Met.  Trans.,  5,  1127  (1974). 

10.  D.W.  McKee  and  G.  Romeo,  Met.  Trans.  , in  press. 

11.  R.F.  Decker  and  C.T.  Sims,  ref.  5,  p.  33. 

12.  C.S.  Giggins  and  F.S.  Pettit,  J.  Electrochem.  Soc. , 118 , 

1782  (1971). 

13.  C.J.  Bechtold  and  H.C.  Vacher,  Trans.  ATME,  221,  14  (1961). 

14.  M.  Hansen,  "Constitution  of  Binary  Alloys",  2nd  ed.,  p.  119, 
McGraw  Hill,  New  York  (1958). 

15.  A.  Taylor  and  R.W.  Floyd,  J.  Inst.  Metals,  SI,  451  (1952-53). 

16.  G.  Romeo  and  W.W.  Smeltzer,  J.  Electrochem.  Soc.,  119,  1268 
(1972). 


17.  R.W.  Hardt,  J.R.  Gambino  and  P.A.  Bergman,  ref.  1,  p.  64. 


g.  I . Ni-35Cr  alloy  treated  at  850°C  with  a 
TOi7s-H2  gas  mixture  for  2}  hours.  The  scale 
consists  of  an  outer  layer  of  nickel  sulfide 
which  was  molten  at  temperature,  and  an  inner 
layer  of  chromium  sulfide. 


g.  2 . Weight  gain  curves  for  a N i - 35C r alloy 
exposed  at  850  C to  a IO^HjS-Hj  gas  mixture  after 
different  treatments. 
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Weight  gain  curves  for  a NM3AI  alloy 
treated  with  a gas  mixture  at  900  C 
after  different  treatments. 


Fig,  A.  Scale  formed  on  a Ni-I3A1  alloy  pre-ox i d i zed , 
coated  with  9 mg/cm2  of  IJa?S0*  and  treated  with  a 
10%H2S-Ha  gas  mixture  at  900°C.  The  portion  labeled 
as  N i 3 S 2 was  probably  molten  at  reaction  temperature. 
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Ni-20  Cr  PRE-OXI DIZEO, 

COATED  WITH  IOmg/em2  OF  No2S04 
AND  TREATED  AT  900*C  WITH  OXYGEN 
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Fig.  5.  Weight  gain  curve  for  a Ni-20Cr  alloy  pre- 
oxidized, coated  with  10  mg/cm2  of  NazSOi,  and 
exposed  to  oxygen  at  900  C.  The  weight  loss  of 
the  specimen  can  be  attributed  mainly  to  evaporation 
of  sodium  sulfate. 
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Fig.  6,  Duplex  oxide  scale  formed  on  a Ni-2dCr  alloy 
pre-oxid i zed,  coated  with  10  mg/cm2  of  Na2004  and 
exposed  to  oxygen  at  900°C  for  about  6 days.  Some 
particles  of  chromium  sulfide  have  precipitated 
within  the  al  loy. 
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Fig.  9.  Ni- l0.4Cr- IJ. 5AI  alloy  treated  with  a I02H2S-H?. 
gas  mixture  at  850  for  8 hours: 

Top  micrograph:  the  specimen  was  pre-oxidized 

tut  not  coated  with  sodium  sulfate.  A copper 
plate  was  used  for  retaining  the  relatively 
thin  chromium  sulfide  layer. 

Bottom  micrograph:  coating  a pre-oxidized 

specimen  with  sodium  sulfate  produced  deep  attack 
and  a complex  scale  morphology. 


Fig.  10.  weight  gain  curves  for  a Ni-IO.4Cr-l3.5AI 
alloy exposed  to  a 10^H2S-H:  gas  mixture  at  050  C 
after  different  treatments. 
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BOTH  CURVES  CORRESPOND  T0  Ki-10.4  Cr -13.5  Al 
PRE -OXIDIZED,  COATED  WiTH  10  mg/cm2  OF  Ko2S04 
AND  FINALLY  TREATED  WITH  OXYGEN  AT  900*C 
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i g.  II.  Weight  gain  curves  for  two  specimens  of  a 
Ni- 10. ACr- 1 3. 5A1  alloy  pre-oxidized,  coated  with 
10  mg/cm2  of  Na2S0i,  and  treated  with  oxygen  at  900°C. 
An  incubation  period  of  varying  length  has  preceded 
in  both  cases  accelerated  attack. 
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g.  12.  Ni-lO.^Ct — 13- 5A1  alloy  pre-oxidized,  coated 
with  10  mg/cm2  of  Na2S0i»  and  trcated  with  oxygen  at 
900  C for  about  A days.  A thick  and  porous  scale 
consisting  of  NiO  and  N i A 1 2O 4 has  grown  externally. 
The  arrows  indicate  internal  precipitates  of  chromium 
sulfide,  localized  preferentially  at  the  darker  phase 
within  the  alloy. 
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ABSTRACT 

The  purpose  of  this  program  was  to  evaluate  potential  coating  systems  for  pro- 
tection of  titanium  alloys  from  hot-salt  stress-corrosion  up  to  temperatures  of 
755  K (900°F)  and  from  oxidation  embrittlement  up  to  temperatures  of  922  K 
( 1 200°F ) . Diffus  ion  type  coatings  containing  Si,  Al,  Cr,  Ni  or  Fe  as  single 
coating  elements  or  in  various  combinations  were  evaluated  for  oxidation  pro- 
tection, hot-salt  stress-corrosion  (HSSC)  resistance,  effects  on  tensile  and 
fatigue  properties,  erosion  resistance  and  ballistic  impact  resistance  on  an 
a + 6 titanium  alloy  (Ti -6AI -2Sn-4Zr-2Mo) . All  of  the  coatings  investigated 
demonstrated  excellent  oxidation  protectiveness,  hut  none  of  the  coatings  pro- 
vided protection  from  hot-salt  stress-corrosion.  Experimental  results  indicated 
that  both  the  aluminide  and  silicide  types  of  coatings  actually  decreased  the 
HSSC  resistance  of  the  substrate  alloy.  Cxidation  exposed  coated  specimens 
(922  K ( 1200°F) ) exhibi ted  some  degradation  in  tensile  properties  compared  to 
unexposed  T i -6-2-^- 2 . About  half  of  the  coated  specimens  had  strengths  comparable 
to  the  uncoated  Ti -6-2-4-2  substrate  exposed  at  922  K (1200°F)  and  tensile  elonga- 
tion values  that  exceeded  those  of  the  uncoated  substrate.  Fatigue  properties 
were  degraded  by  the  presence  of  the  coatings.  Ballistic  impact  damage  degraded 
the  mechanical  properties  of  the  coated  specimens.  Only  two  of  the  coatings 
completely  protected  the  substrate  against  erosion  resistance  at  a 20°  impinge- 
ment angle,  while  none  of  the  coatings  were  completely  protective  at  an  impinge- 
ment angle  of  90°.  Tests  with  a 6 titanium  alloy  ( T i -1 3V-1 1 C r- 3 A 1 ) indicated 
oxidation  protectiveness  com parable  to  the  a + B alloy,  but  the  thermal  cycles 
employed  in  coating  deposition  severely  degraded  the  mechanical  properties  of 
the  B alloy.  It  was  concluded  that  the  types  of  coatings  which  have  typically 
been  used  for  oxidation  protection  of  refractory  metals  and  nickel  base  super- 
alloys are  not  suitable  for  titanium  alloys  because  they  increase  the  susceptibility 
to  hot-salt  stress-corrosion  and  that  entirely  new  coating  concepts  must  be 
developed  for  titanium  alloy  protection  in  advanced  turbine  engines. 
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INTRODUCTION 


Titanium  alloys  are  used  extensively  for  turbine  engine  compressor 
components  up  to  about  700-750  K (800-900°F)  because  of  excellent  s t reng th- to-we i ght 
ratio,  fracture  toughness  and  structural  stability.  These  unique  properties  have 
been  utilized  in  the  manufacture  of  turbine  engine  compressor  and  fan  blades,  inlet 
cases,  disks  and  other  components.  Titanium  alloys  with  a greater  strength  capa- 
bility are  being  developed  for  use  in  advanced  engines  at  temperatures  to  922  K 
( 1 200°F) . The  use  of  ti  tanium  alloys  in  some  applications  may  be  restricted  by 
erosion  and  hot-salt  stress-corrosion  cracking.  In  addition,  as  the  use  tempera- 
ture cf  advanced  titanium  alloys  exceeds  about  755  K (900°F),  another  potential 
problem  limiting  their  long  term  use  may  be  oxygen  contamina.ion.  If  the  full 
potential  of  titanium  alloys  is  to  be  exploited,  coating  systems  must  be  developed 
to  protect  against  the  damaging  influence  of  the  higher  temperature  turbine  engine 
env i ronment . 

In  previous  work,  a variety  of  coatings  have  been  evaluated  on  titanijm 
alloys.  Coatings  that  have  provided  high  temperature  oxidation  protection  for 
titanium  alloys  in  previous  work  include  aluminides^1  ^2^  , s i I i cides ^ ^ 

titanium  i n termetal  I i c compounds  (TiC,  TiN,  TiB  and  Ti  N i ) ^ , nickel 

(2)  (2) 

aluminide  , and  diffused  coatings  of  nickel,  zinc  and  chromium  . Coatings 

deposited  on  titanium  alloys  that  have  been  reported  to  exhibit  resistance  to 

hot-salt  stress-corrosion  cracking  include  nickel  plate  and  an  aluminide  at  589  K 

(600°F)(7);  aluminides,  silicides,  diffused  chromium  and  diffused  zinc  at  672  K 

(750°F)(2);  and  plasma  sprayed  aluminum  at  728  K (850°F) ^ . Hard  chromium  plate 

has  provided  better  dust  erosion  protection  than  aluminides,  bervllidts,  borides 
(9) 

and  nickel  oxides  . A titanium  carbide  coating  applied  by  chemical  vapor 
deposition  displayed  excellent  erosion  resistance  but  significantly  reduced 
fatigue  strength/1^.  Erosion  tests  on  diffusion  coatings  indicated  that  nickel 
and  chromium  were  protective  at  impingement  angles  of  20°  and  90°  while  aluminum 
and  silicon  were  protective  only  at  the  20°  impingement  angle^. 

The  objective  of  this  program  was  to  evaluate  aluminides  and  silicides  as 
potential  protective  coating  systems  for  titanium  alloys.  Deposition  of  aluminide 
coatings  on  superalloys  and  silicide  coatings  on  refractory  metals  by  diffusion 
techniques  are  well  developed  processes.  Previous  work  indicated  that  diffusion 
coatings  containing  aluminum  or  silicon  could  provide  oxidation  and  hot-salt 
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stress-corrosion  protection  for  titanium  alloys.  In  addition,  previous  work 
indicated  that  diffusion  coatings  containing  chromium  and  nickel  provided  erosion 
protection  at  both  high  and  low  impingement  angles.  Therefore,  coatings  selected 

for  evaluation  included  both  unmodified  and  modified  variations  of  aluminides  and 

s i I i ci des. 

2.0  EXPERIMENTAL  PROGRAM 

The  experimental  work  was  conducted  in  two  phases.  In  Phase  I,  ten  experi- 
mental coating  compositions  were  evaluated  for  oxidation  protection  and  erosion 
resistance  on  Ti -6AI -2Sn-^Zr-2Mo  sheet.  In  Phase  II,  the  five  most  promising 
coating  systems  were  further  evaluated  for  fatigue  and  ballistic  impact  properties 
on  the  T i -6-2- 4— 2 sheet  and  for  oxidation  protection  on  T i - 1 3 V- 1 1 C r-3 A 1 sheet. 

Phase  II  also  included  an  evaluation  of  the  hot-salt  stress-corrosion  resistance 

of  the  five  selected  coating  systems  on  two  heats  of  Ti-6-2-A-2  sheet  and  a heat 

of  Ti-6-2-*t-2  bar  stock. 

2. 1 Substrate  Materials,  Coatings  and  Test  Specimens 

Chemical  compositions  and  mill  forms  of  the  substrate  materials  are  listed 
in  Table  I.  The  majority  of  the  exoerimental  work  was  conducted  with  Ti-6-2-4-2 
Heat  No.  A-1  in  the  form  of  sheet.  Additional  hot-salt  stress-corrosion  testing 
was  performed  on  a second  heat  of  Ti-6-2-4-2  sheet  B-1-.  Heat  -treatments 
and  vendor  certified  mechanical  properties  (where  available)  are  listed  in  Table  II. 
Table  III  lists  the  coating  source  compositions,  deposition  processes  and  deposition 
temperatures  for  the  ten  experimental  coating  systems.  The  coating  elements  were 
A I , Si,  Cr,  Hi,  Mg  and  Fe  which  were  used  either  as  single  coating  elements  or  in 
various  combinations.  All  of  the  coatings  were  diffusion  deposited  either  by  pack 
cementation  or  slurry  slip  pack.  Some  of  the  coatings  were  applied  in  two 
separate  deposition  steps  (duplex  coatings).  Silicon,  chromium,  magnesium  and 
nickel  were  used  in  the  form  of  elemental  powders,  while  the  remainder  of  the 
materials  were  purchased  as  alloy  powders.  Slurry  coatings  were  applied  by 
spraying  with  suspensions  consisting  of  100  grams  of  powder  in  300  ml  of  cellulose 

2 

nitrate  to  obtain  a bisque  weight  of  approximately  50  mg/cm  . The  green  bisques 

-2 

were  air  dried  and  fired  in  a 10  torr  vacuum  furnace.  The  slurry  coated  speci- 
mens were  supported  by  bubbled  alumina  contained  within  Inconel  retorts  during 
firing.  Pack  cementation  coatings  were  deposited  from  packs  containing  source 
material  plus  1/2  weight  percent  CrCl^  activator.  The  packs  were  also  contained 
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in  Inconel  ''etorts  and  heated  in  a 10  torr  vacuum.  Deposition  temperatures 
ranged  from  972  K to  1228  K (1200°F  to  1 7 50° F ) for  times  ranging  from  2 hours 
to  15  hours.  Coating  thicknesses  ranged  from  5.1pm  (0.0002  inch)  to  ^5.7um 
(0.0018  inch).  Deposition  times  were  adjusted  so  that  two  coating  thickness 
levels,  designated  A and  0,  were  obtained  for  each  of  the  coating  systems.  In 
general,  the  B levels  were  approximately  twice  the  A levels. 

Mechanical  property  specimens  are  shown  in  Figure  1.  Tensile  and  hot-salt 
stress-corrosion  tests  were  conducted  using  the  flat  tensile  specimen  shown  in 
Figure  1(a).  Hot-salt  s t ress-corros i on  tests  on  bar  stock  were  performed  using 
the  tubular  specimens  shown  in  Figure  1(b).  Mechanical  fatigue  tests  were 
performed  using  the  flat  tensile  specimen  shown  in  Figure  1(c).  All  test  speci- 
mens were  stress  relieved  by  chemical  milling  in  a solution  of  3 volume  percent 
hydrofluoric  acid,  30  volume  percent  nitric  acid  and  67  volume  percent  water  prior 
to  coating  or  testing.  A minimum  of  0.0025  cm  (0.001  inch)  of  metal  was  removed 
from  al I surfaces. 

2. 2 Metal lograohy 

Typical  microstructures  of  the  coatings  in  the  as-deposited  condition  on 
Ti-6-2-A-2  sheet  are  shown  in  Figure  2.  Tlte  microstructures  could  be  classified 
into  one  of  three  categories.  Coatings  containing  large  amounts  of  aluminum 
consisted  of  an  outer  aluminide  and  an  u layer  adjacent  to  the  substrate  as 
illustrated  by  coating  Ho.  1 (Figure  2(a)).  Duplex  coatings  containing  a Cr  or 
Fe/Cr  pre-coat  consisted  of  an  outer  coating  and  a chromium  ricli  layer  adjacent 
to  the  unaffected  substrate  as  illustrated  by  coating  the  Cr  + Al-Mg  system 
(Figure  2(b)).  Layers  adjacent  to  the  unaffected  substrate  in  these  coatings 
probably  contained  appreciable  amounts  of  the  B phase  due  to  the  presence  of  the 
6 stabilizing  elements,  Fe  and  Cr.  The  other  type  of  coating  microstructure 
consisted  of  a coating  layer  adjacent  to  an  unaffected  substrate.  This  type  of 
microstructure  was  obtained  for  the  silicon  coating  (No.  2)  shown  in  Figure  2(c) 
and  for  coatings  in  which  the  a and  B stabilizing  elements  apparently  offset  each 
other.  The  microstructure  of  the  Ni-Cr-Al-Si  system,  shown  in  Figure  2(d),  was 
/ typical  of  the  mu  1 1 i -e lement  coating  systems  in  which  an  apparent  balance  was 

obtained  between  a and  8 stabilizing  elements. 
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2 . 3 Oxidation  Protection 


The  ten  experimental  coatings  were  screened  for  oxidation  protection  on 
Ti-6-2-l*-2  sheet  (Heat  ho.  A-1)  under  922  K (1200°F)  static  oxidation  exposure 
conditions.  Coated  and  uncoated  coupons  and  tensile  specimens  were  exposed  for 
times  up  to  1000  hours.  Evaluation  consisted  of  weight  gain,  electron  microprobe 
analyses  of  exposed  coatings  and  residual  tensile  properties. 

Weight  gains  were  determined  by  cycling  to  room  temperature  at  100  hour 
intervals.  Cumulative  weight  gains  after  1000  hours  of  exposure  are  shown  in 
Figure  3 for  uncoated  Ti-6-2-A-2  sheet  and  coated  specimens  with  the  A level 
coating  thickness.  (Coating  No.  ^ ( A 1 - S i ) was  omitted  because  its  true  weight 
gain  could  not  be  established.)  Nearly  all  coatings  provided  significant  pro- 
tection from  oxidation  as  reflected  by  the  low  weight  gains  of  the  coated  specimens 
compared  to  uncoated  specimens.  Particularly  outstanding  were  coatings  1,  3,  5 

n 

and  6.  These  coatings  had  cumulative  weight  gains  of  0.05  to  0.075  mg/cm  compared 

2 

to  a weight  gain  of  1.110  mg/cm  for  uncoated  T i -6-2 -A-2  sheet.  After  exposure, 
both  the  uncoated  and  coated  specimens  were  semi -quant i tat i ve 1 y analyzed  for 
oxygen  content  using  a Phillips  electron  probe  mir  oanalyzer.  The  scan  areas 
were  at  the  mi d-th i ckness  of  the  substrate  (or  uncoated  specimens),  immediately 
below  the  coatings  and  immediately  below  the  surface  of  the  uncoated  specimen. 

For  coatings  that  contained  an  a layer  in  the  as-deposited  microstructure,  the  scan 
area  beneath  the  coatinq  was  the  a layer.  Coated  specimens  had  equivalent  oxygen 
contents  at  the  mid-thickness  of  the  substrate  and  the  area  immediately  beneath 
the  coating.  Uncoated  specimens  had  a significantly  higher  concentration  of 
oxygen  near  the  surface  compared  to  the  mi d-th i ckness . The  electron  microprobe 
analyzer  indicated  that  all  of  the  coatings  protected  the  substrate  f rom  ox i dat i on 
at  922  K ( 1 200°F) . 

Tensile  properties  of  the  oxidation-exposed  coated  specimens  are  compared 
to  the  tensile  properties  of  uncoated  specimens  in  Figures  k and  5.  The  specimens 
were  exposed  at  922  K (1200°F)  for  either  100  or  1000  hours.  Following  exposure 
the  specimens  were  slow  rate  tensile  tested  at  room  temperature  (0.125  mm/min. 
(0.005  in/min.)).  Data  are  presented  for  both  thickness  variations  of  all  ten 
coatings.  Figure  k compares  the  residual  tensile  properties  of  vhe  exposed 
coated  specimens  with  uncoated,  unexposed  mill  annealed  Ti -6-2-14-2.  The  proper- 
ties of  the  coated  specimens  are  presented  as  a percentage  of  the  properties  of 
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the  uncoated  material  as  the  baseline  for  both  100  hour  and  1000  hour  exposures. 

The  tensile  property  which  was  degraded  to  the  greatest  extent  was  tensile 
elongation.  Coatings  with  the  best  residual  tensile  elongation  were  coatings  2, 

A and  5.  These  coatings  had  tensile  elongation  values  equivalent  to  90-97%  of 
the  baseline  after  100  hours  of  exposure.  After  1000  hours  of  exposure,  tensile 
elongations  of  these  coatings  ranged  from  about  65-92%  of  the  baseline.  For  the 
majority  of  the  coatings,  yield  strengths  and  tensile  strengths  after  100  hours 
of  exposure  were  comparable  to  those  of  uncoated,  unexposed  material  and  for  these 
coatings  only  a small  reduction  in  strength  (1-5%)  was  obtained  after  1000  hours 
of  exposure.  Increased  coating  thickness  generally  reduced  the  tensile  properties 
by  a small  amount  (1-5%).  The  poorest  tensile  properties  were  obtained  from  the 
duplex  coatings  containing  8 stabilized  substrate/coating  interface  layers 
(coat i ngs  3 , 6 and  9) ■ 

In  Figure  5 the  residual  tensile  properties  of  the  coated-exposed  tensile 
specimens  are  compared  with  the  residual  tensile  properties  of  similarly  exposed 
uncoated  specimens  as  the  baseline.  Elongation  values  of  about  half  of  the 
coatings  exceeded  those  of  the  uncoated  material  after  both  100  and  1000  hours 
exposure.  This  was  particularly  evident  after  the  1000  hour  exposures.  After 
this  exposure  time,  coatings  2,  A,  5,  7 and  10  had  elongation  values  ranging  from 
1 80  to  280%  of  the  baseline.  Again  the  duplex  coatings  containing  the  6 stabilized 
substrate/coating  interface  layers  (coatings  3,  6 and  9)  had  the  poorest  elongation 
values  amounting  to  only  5 to  30%  of  the  elongation  of  the  uncoated,  exposed 
material.  About  half  of  the  coatings  had  strengths  equivalent  or  higher  than  the 
uncoated  mater i a I . 

2. A Dust  Erosion  Tests 

All  ten  coating  systems  at  the  greater  coating  thickness  (B  level)  were 

evaluated  for  dust  erosion  resistance  using  coated  and  uncoated  (mill  annealed) 

Ti-6-2-A-2  coupons.  Erosion  tests  were  conducted  using  an  S.S.  White  Mini-blast 

unit  at  impingement  angles  of  20  and  90  degrees.  The  eroding  abrasive  used  was 

27  micron  alumina  carried  through  a 0.051  mm  (0.019  inch)  diameter  nozzle  at  a 

5.08  cm  (2.0  inch)  standoff  distance  in  an  argon  g*s  stream  under  a piessure  of 
2 

3AA.5  KN/m  (50  psig).  An  abrasion  time  of  60  seconds  was  electronically 
controlled.  Erosion  resistance  was  determined  by  the  weight  lost  from  a constant 
surface  area  obtained  by  masking.  Details  of  this  evaluation  technique  are  given 

1 k (ID 

elsewhere 
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Test  results  are  summarized  in  the  bar  graphs  presented  in  Figure  6.  At 
an  impingement  angle  of  20°,  only  coatings  3 and  5 completely  protected  the  sub- 
strate; i.e.,  no  substrate  was  eroded.  At  an  impingement  angle  of  90°,  none  of 
the  coatings  completely  protected  the  substrate.  However,  coatings  1,  5,  6,  9 
and  10  provided  some  erosion  protection  in  that  less  material  was  eroded  from 
the  coated  specimens  than  from  the  uncoatrd  specimens. 

2.5  Fatigue  and  Ballistic  Impact  Resistance 

Following  screening  tests  of  all  ten  experimental  coating  systems  for  oxi- 
dation protection  and  erosion  resistance,  the  five  most  promising  coating  systems 
were  selected  for  further  evaluation  under  fatigue  and  ballistic  impact  conditions 
at  the  B coating  thickness  level.  Coatings  selected  for  further  evaluation 
included  Nos.  1,  2,  5,  8 and  10.  Figure  7 compares  tne  fatigue  prooerties  of 
these  coatings  on  Ti-6-2-4-2  sheet  with  uncoated  Ti -6-2-4— 2 sheet  in  various  heat 
treated  conditions.  Tests  were  performed  at  room  temperature  on  a Baldwin-Universal 
fatigue  machine  operating  at  a frequency  of  30  Hz.  The  endurance  limit  at  a maximum 
of  107  cycles  was  determined  in  tens  ion-tens  ion  utilizing  an  A ratio  (ratio  of 
al  ternat ing-to-mean  stress)  of  0.67.  Uncoated  specimen  heat  treated  conditions 
included  mill  annealed,  duplex  annealed  and  a 15  hr/1228  K (1750°F)  heat  treatment 
to  simulate  the  most  severe  coating  cycle. 

Compared  to  uncoatea  material,  the  coated  specimens  all  had  reduced 
endurance  limits.  Based  on  uncoated  duplex  annealed  material,  the  endurance 
limit  was  reduced  by  30  to  k0%.  Based  on  uncoated  mill  annealed  material  or 
uncoated  material  heat  treated  to  simulate  the  coating  thermal  cycle,  the  endurance 
limit  was  reduced  by  25  to  35%. 

Ballistic  impact  resistance  of  the  five  selected  coatings  was  evaluated  on 
T i - 6-2- A- 2 sheet  at  the  B thickness  levels  of  the  coatings.  Uncoated  mill  annealed 
specimens  and  the  coated  specimens  were  impact  damaged  at  room  temperature  using 
a 0.656  gm  steel  ball  fired  from  a gas  operated  pellet  gun  at  a standoff  distance 
of  38.1  cm  (15  inches).  Velocities  up  to  232  m/sec  (760  ft/sec)  were  employed 
and  specimens  were  examined  at  30X  magnification  to  detect  cracking.  Results  of 
the  ballistic  impact  tests  are  presented  in  Figure  8,  Initially,  the  crack 
threshold  velocity  was  determined  for  uncoated  and  coated  specimens.  The  crack 
threshold  velocity  was  defined  as  the  minimum  velocity  at  which  the  coating  would 
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crack  without  rupture  of  the  substrate  material.  As  shown  in  Figure  8ta),  a crack 
threshold  velocity  could  not  be  determined  for  uncoated  material.  Gross  rupture 
occurred  at  the  highest  impact  velocity,  232  m/sec  (760  ft/sec),  employed  in  the 
tests.  The  coatings  all  had  crack  threshold  velocities  lower  than  232  m/sec 
(760  ft/sec).  Coating  No.  2 had  the  highest  crack  threshold  velocity,  \kS  m/sec 
(^75  ft/sec)  while  coatings  1 and  10  had  the  lowest  crack  thresholds,  76  m/sec 
(21)8  ft/sec).  To  determine  the  effect  of  impact  damage  on  tensile  properties, 
coated  specimens  were  damaged  using  an  impact  velocity  that  was  101  greater  than 
the  crack  threshold  velocity.  The  damaged  specimens  were  then  exposed  at  922  K 
(1200°F)  for  100  hours  along  with  undamaged  specimens.  Both  groups  of  specimens 
were  tensile  tested  at  room  temperature  after  expos j re.  Yield  and  tensile 
strengths  were  comparable  for  the  damaged  and  undamaged  specimens.  Tensile 
ductility  of  the  damaged  specimens,  however,  was  reduced  as  indicated  in  Figure 
8(b).  The  tensile  ductility  of  the  damaged  specimens  is  expressed  as  a percentage 
of  the  tensile  ductility  of  the  undamaged  specimens.  The  best  coatings  (Nos.  1 and 
5)  had  tensile  elongation  reduced  by  5 to  101  compared  to  undamaged  coatings. 

2.6  6 Alloy 

The  five  coatings  selected  for  further  evaluation  (Nos.  1,  2,  5,  8 and  10) 
were  evaluated  for  oxidation  resistance  and  tensile  properties  on  the  B alloy. 

Ti -1 3 V" 1 1 Cr-3A1  coupons  and  tensile  specimens  of  T i -1 3 V- 1 1 Cr-3AI  were  coated  using 
the  same  deposition  parameters  that  were  used  to  obtain  the  B coating  thickness 
levels  on  the  Ti-6-2-^-2  specimens.  Coating  thicknesses  obtained  on  T i - 1 3“ 1 1 ”3 
were  comparable  to  those  obtained  on  the  Ti  -6-2-A-2 . The  coated  coupons  and 
tensile  specimens  were  exposed  for  1000  hours  at  922  K (1200°F)  along  with 
uncoated  T i - 1 3- 1 1 - 3 coupons.  After  exposure,  the  tensile  specimens  were  tested 
at  room  temperature  using  slow  strain  rates  (0.125  mm/min.  (0.005  in/min.)). 

Results  of  the  static  oxiuation  tests  and  post-exposure  tensile  tests  are 
presented  in  Table  IV.  All  five  of  the  coatings  were  protective  with  respect 
to  oxidation  of  the  B titanium  alloy  as  evidenced  by  significantly  lower  weight 
gains  on  the  coated  specimens.  The  tensile  specimens,  however,  had  almost  zero 
ductility  and  tensile  strengths  that  ranged  between  22  to  of  the  strength  of 
uncoated,  unexposed  T i - 1 3~ 1 1 ~ 3 tensile  specimens. 

The  reduction  in  tensile  properties  of  the  coated  specimen*-  was  attributed 
to  excessive  grain  growth  occurring  during  the  coating  cycles.  Examination  of 
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tensile  fractures  in  the  coated,  exposed  specimens  showed  that  excessive  grain 
growth  had  occurred  during  the  coating  thermal  cycles  and  resulted  in  appreciable 
amounts  of  intergranular  failure.  Typical  scanning  electron  micrographs  of  the 
fractures  observed  for  the  uncoated  and  coated  specimens  are  shown  in  Figure  9. 
Grain  size  (as  indicated  by  the  f ractographs)  and  amount  of  intergranular  fracture 
was  directly  related  to  the  coating  thermal  cycle.  Fractures  from  Coating  No.  2 
(coating  cycle  - 15  hr/1228  K (1 750°F) ) failed  primarily  by  an  intergranular 
mode  as  shown  in  Figure  9(a).  The  fracture  of  a coated  specimen  processed  under 
a less  severe  thermal  cycle  (12  hr/1200  K (17 00°F) ) had  approximately  equal 
amounts  cf  intergranular  and  transgranular  failure  and  a somewhat  finer  grain 
size  as  shown  in  Figure  9(b).  Figure  9(c)  shows  the  transgranular  mode  of  failure 
exhibited  by  an  uncoated  specimen.  Although  the  coatings  protected  the  Ti — 1 3“ 1 1 “3 
substrate  from  oxidation,  it  was  apparent  that  the  coating  thermal  cycles 
seriously  degraded  the  mechanical  properties  of  this  alloy. 

2.7  Hot-Salt  Stress-Corrosion  Resistance 

Initial  hot-salt  stress-corrosion  (HSSC)  tests  were  conducted  on  Ti-6-2-A-2 
sheet  (Heat  No.  A-l).  The  five  coatings  selected  for  further  evaluation  were 
deposited  on  tensile  specimens  at  the  B coating  thicxness  levels.  The  gage 
lengths  of  the  specimens  were  then  salted  and  the  specimens  were  creep  exposed 
ai  /55  K (900°F)  for  100  hours  under  various  loads.  Uncoated  specimens  were 
also  salted  and  exposed  under  the  same  conditions.  If  the  specimens  survived  tht 
exposure,  they  were  tensile  tested  at  room  temperature  using  slow  strain  rates. 

Two  criteria  were  used  to  determine  if  hot-salt  stress-corrosion  had  occurred  in 
specimens  which  survived  the  creep  exposure.  First  a crack  threshold  stress  was 
determined.  This  was  defined  as  the  minimum  stress  at  which  heat  tint  cracks 
could  be  observed  in  the  tensile  fracture  under  a magnification  of  30X.  The 
presence  of  heat  tint  cracks  indicated  that  cracking  occurred  during  the  high 
temperature  exposure.  The  second  criteria  was  an  embrittlement  threshold 
stress.  Once  the  crack  threshold  was  established  for  a particular  coating,  the 
exposure  stress  was  lowered  on  successive  specimens  to  determine  the  minimum 
creep  stress  under  which  embrittlement  did  not  occur.  A specimen  was  considered 
to  be  embrittled  by  the  presence  of  the  salt  if  its  residual  tensile  elongation 
was  less  than  80%  of  the  tensile  elongation  of  oxidation  exposed  specimens. 

HSSC  results  for  the  initial  heat  of  Ti-6-2-A-2  sheet  are  presented  in 
Figure  10.  Initially,  both  the  uncoated  and  coated  specimens  were  salted  with  a 
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6 mg/cm  concentration  of  NaCI.  With  this  salt  concentration,  a crack  threshold 

stress  could  not  be  determined  for  uncoated  TI-6-2-4-2.  Heat  tint  cracks  were 

2 

observed  as  low  as  17.2  MN/m  (2.5  ksi),  the  lowest  exposure  stress  used  in  the 

2 

testing.  Crack  threshold  stresses  for  the  coating  varied  from  34.5  MN/m  to 
2 

68.9  MN/m  (5.0  to  10.0  ksi).  Embrittlement  thresholds  for  the  coated  specimens 

2 2 

were  lower  than  17.2  MN/m  to  68.9  MN/m  (2.5  to  5.0  ksi)  the  lowest  creep 
exposure  stresses  used  as  indicated  in  Figure  10.  Although  the  coatings  increased 
the  crack  threshold  stresses,  embrittlement  still  occurred  at  low  threshold 
stresses.  At  this  point,  it  was  thought  that  the  salt  concentration  (6  mg/cm  ) 

O 

could  be  unrealistically  high  and  a 0.2  mg/cm  concentration  was  tested  on  uncoated 
material.  The  crack  threshold  was  increased,  but  embrittlement  was  still  detected 
under  an  exposure  stress  of  68.9  MN/m  (10  ksi)  as  indicated  indicated  in  Figure 
10.  From  the  results  of  the  preceding  creep  exposure  tests,  it  was  apparent  that 
the  coatings  did  not  protect  the  substrate  from  HSSC.  In  addition,  the  T i -6-2-f*  -2 
sheet  material  appeared  to  have  abnormally  high  sensitivity  to  HSSC  compared  to 
Ti-6-2-4-2  bar  stock.  A threshold  embrittlement  stress  of  447.9  MN/m^  (65  ksi) 
has  been  reported  for  uncoated  Ti-6-2-4-2  bar  stockv  L . An  additional  series  of 
tests  was  conducted  with  the  T i -6-2- 4-2  sheet  in  which  tensile  specimens  were 
salted  and  exposed  at  755  K (900°F)  for  100  hours  with  no  applied  load.  These 
tests  showed  that  the  presence  of  salt  at  755°K  (900°F)  was  sufficient  to  embrittle 
the  program  T i -6-2-4— 2 sheet  material.  A similar  series  of  tests  were  performed 
on  a second  heat  of  T i - 6 -2-4-2  sheet  material  (Heat  No.  B- 1 ) . Salted  specimens 
from  this  second  heat,  exposed  with  or  without  an  applied  load  also  exhibited  an 
extreme  sensitivity  to  HSSC. 


The  extremely  high  sensitivity  of  the  sheet  materials  to  HSSC  embrittlement 

precluded  a judgment  as  to  the  effect  of  the  coatings  on  HSSC.  In  order  to  better 

gage  the  performance  of  the  coatings,  a quantity  of  Ti-6-2-4-2  bar  stock  was 

(12) 

obtained  that  had  exhibited  good  HSSC  in  a previous  study  . Tubular  tensile 

specimens,  previously  shown  in  Figure  1(b),  were  machined  from  the  bar  stock.  The 

five  coatings  selected  for  further  evaluation  were  deposited  on  both  the  I.D.  and 
O.D.  of  the  specimens  using  the  deposition  parameters  for  producing  the  B coating 
thickness  level  on  the  sheet  stock.  A 0.2  mg/cm^  salt  concentration  was  placed 
on  the  gage  length  (0.0.  only)  of  both  coated  and  uncoated  specimens.  As  before, 
the  specimens  were  exposed  under  various  creep  loads  at  755  K (900°F)  for  100 
hours.  Specimens  surviving  the  creep-exposure  were  then  slow  rate  tensile  tested 
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at  room  temperature.  A crack  threshold  stress  and  an  embrittlement  threshold 

stress  were  determined  as  with  the  HSSC  tests  on  sheet  specimens.  Following  the 

(12) 

criteria  used  by  Gray  , an  uncoated  specimen  was  considered  embrittled  if  the 

residual  tensile  elongation  was  less  than  15%,  and  the  apparent  residua)  reduction 

in  area  (based  on  0.0.  measurements  only)  was  less  than  25%.  A coated  specimen 

was  considered  embrittled  if  the  residue  tensile  elongation  was  less  than  and 

the  apparent  residual  reduction  in  area  was  less  than  6%.  The  results  of  the 

HSSC  tests  on  T i -6- 2- 4- 2 bar  stock  are  presented  in  Figure  11.  Uncoated  material 

had  a crack  threshold  stress  between  137.8  MN/m^  (20  ks  i ) and  3^.5  MN/m^  (50  ks i ) 

and  an  embrittlement  threshold  stress  of  103.^  MN/m  (15  ks i ) , a considerable 

improvement  in  HSSC  resistance  over  the  sheet  materials.  All  of  the  coatings, 

however,  reduced  the  HSSC  resistance  of  the  substrate.  The  crack  threshold  stress 

2 

for  all  five  of  the  coatings  was  68.9  MN/m  (10  ks i ) and  embrittlement  again 

2 2 

occurred  at  low  stress  levels,  17.2  MN/m  to  3^.5  MN/m  (2.5  to  5.0  ks i ) . Coating 
No.  2 had  an  apparent  crack  threshold  stress  of  3^.5  MN/m  (5.0  ks i ) . When  it 
was  attempted  to  verify  the  threshold  stress  level  for  this  coating,  embrittlement 
was  again  evidenced  in  a post-exposure  tensile  test  as  indicated  by  the  bar  graph. 


3.0  SUMMARY  OF  RESULTS 

The  following  summation  can  be  made  from  the  experimental  work  performed 
in  this  investigation: 

1.  All  ten  experimental  coatings  protected  the  substrates  from 
oxidation  under  1000  hr/922  K (1200°F)  exposure  conditions. 

2.  Tensile  tests  of  coated  T i - 6-2- ^—2  specimei.s  oxidation  exposed 

at  922  K (1200°F)  indicated  that  tensile  properties,  particularly 
elongation,  were  degraded  with  respect  to  uncoated,  unexposed 
Ti-6-2-A-2. 

3.  Tensile  properties  of  coated  Ti -6-2— ^4-2  specimens,  oxidation 
exposed  at  922  K (1200°F)  compared  more  favorably  to  uncoated 
Ti-6-2-A-2  that  was  comparably  exposed.  After  1000  hours  of 
exposure,  about  half  of  the  coated  specimens  had  strengths 
equivalent  or  somewhat  higher  than  uncoated  materials  and 
increased  ductility  over  uncoated  specimens. 
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Erosion  test  results  indicated  that  only  two  coatings  (3  and  5) 
completely  protected  the  substrate  from  erosion  at  an  impingement 
angle  of  20°,  while  none  of  the  coatings  completely  protected 
the  substrate  from  erosion  at  an  impingement  angle  of  90°. 

5.  All  five  of  the  coatings  selected  for  fatigue  testing  (coatings 
1,  2,  5,  8 and  10)  reduced  the  fatigue  properties  of  T i -6-2-A-2 
sheet . 

6.  Ballistic  impact  damage,  fol’owed  by  oxidation  exposure,  reduced 
the  tensile  properties  of  coatings  1,  2,  5,  8 and  10  on  Ti-6-2-^-2. 

7.  Deposition  of  the  selected  coatings  (1,  2,  5,  8 and  10)  on 

T i - 1 3V- 1 1 C r ' 3A1  drastically  reduced  the  tensile  properties  of 
this  alloy. 

8.  All  of  the  coatings  displayed  poor  resistance  to  HSSC.  The  presence 
of  the  coating  intensified  the  attack  on  the  substrate. 

’t.O  CONCLUSIONS 

The  present  study  has  shown  that  the  most  serious  problem  associated  with 
the  diffusion  coatings  tested  on  the  program  is  their  poor  resistance  to  HSSC  at 
755  K (900°F).  While  good  oxidation  protection  and  minimal  reduction  in  tensile 
properties  could  be  obtained  with  some  of  the  coatings,  the  fact  that  the  coating 
intensified  HSSC  would  preclude  their  use  in  turbine  engine  environments.  The 
program  results  indicate  that  the  diffusion  coating  approach,  utilizing  elements 
such  as  Si,  Al  and  Cr,  that  has  been  used  successfully  for  protecting  superalloy 
components,  will  probably  not  be  useful  for  protecting  titanium  alloys  from  HSSC. 
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CHEMICAL  COMPOSITION  OF  TITANIUM  ALLOY  SUBSTT-ATE  MATERIALS  (WEIGHT  PERCENT) 


(b)  Data  from  NASA  TND-6A98  (Reference  12) 
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TABLE  IV 


TOTAL  WEIGHT  GAINS  AND  TENSILE  TEST  RESULTS 
FOR  UNCOATED  AND  COATED  TM3-H-3  ALLOY 
EXPOSED  AT  922  K (1200°F)  FOR  IOOO  HOURS 


Coat  i ng 

Total  Weight 
Gain  (Mg) 

U.T 

.S. 

. 2 % Y.S. 

% Elongation^ 

(MN/m2 

(ksi) 

MN/m2 

(ksi) 

Uncoated 

35 

509.1 

73.9 

_ 

0.5 

Un coated 

46 

550.5 

79.9 

“ 

0.5 

IB 

2 

554.6 

80.5 

- 

- 

0.3 

IB 

1 

638.7 

92.7 

“ 

0.4 

2B 

22 

642.8 

93.3 

_ 

0.4 

2B 

21 

598.7 

86.9 

• 

0.2 

5B 

1 

652.5 

94.7 

- 

0.3 

5B 

1 

736.5 

106.9 

“ 

- (b) 

8B 

| 7 

598.1 

86.8 

- 

0 

8B 

5 

564.3 

81.9 

- 

0.8 

1 0B 

3 

663.5 

96.3 

- 

- 

0.5 

1 0B 

3 

575.3 

83.5 

• 

• 

0.1 

(c' 

Uncoated  . 

— J 

1332.5 

193.4 

1223.0 

177.5 

2.9 

NOTES:  (a)  2.54  cm  (1  inch)  gage  length. 


(b)  Pin  hole  failure. 

(c)  Average  data  for  unexposed  solution  treated 
and  aged  Ti-15V-1 1 C i — 3A 1 . 


Uncoated  and  Coated  Ti-6-2-4-2  Sheet 


100  HOURS  EXPOSURE 


Tensile  Properties  of  Coated  Ti-6-2-4-2  After  Exposure  at  922  K (1200°F) 
Compared  to  Uncoated,  Exposed,  Mill  Annealed  Ti-6-2-i*-2 
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Figure  8.  Results  of  Ballistic  Impact  Tests 
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Figure  10.  Hot-Salt  Stress-Corrosion  Tests  on  Ti -6-2- 4-2  Sheet 
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Figure  11.  Hot-Salt  Stress-Corrosion  Tests  on  Ti -6-2— ^-2  Bar  Stock 
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CORROSION  RKSISTANT  ANODIC  COATINGS  TOR  TITANIUM 

B.  A.  Manty,  J.  P.  Winfree,  S.  Bonifazi 
Florida  Research  and  Development  Center 
Pratt  & Whitney  Aircraft  Division 
United  Aircraft  Corporation 
West  Palm  Beach,  Florida 


ABSTRACT 

Kxtensive  i llarts  have  been  undertaken  with  varying  degrees  of  success,  to  employ 
both  conventional  and  sophisticated  coating  systems  to  titanium  alloys.  As  a class, 
anodically  formed  oxide  coatings  have  shown  promise  in  solving  both  wear  and  corrosion 
problems.  This  paper  discusses  the  development  of  an  anodically-formed  coating  designed 
specifically  to  provide  a barrier  layer  to  counteract  the  severe  galling  that  occurs  in  bear- 
ings when  titanium  is  subjected  to  medium-to-high  intensity  rubbing  or  sliding  forces.  The 
coating  procedure  is  described  and  discussed  in  some  detail  including  electrolyte  composi- 
tions and  operating  conditions.  When  used  in  conjunction  with  a dry  film  lubricant,  the 
coating  serves  as  a base  for  lubrication  and  improves  the  overall  wear  life.  Other  areas  of 
established  value  include  the  prevention  of  both  hot  salt  stress  corrosion  cracking  and  gal- 
vanic attack  of  dissimilar  metals.  All  these  desirable  qualities  are  provided  without  reducing 
either  the  tensile  strength  or  fatigue  properties  of  the  base  titanium  alloy. 

INTRODUCTION 

Involution  of  the  modern  gas  turbine  engine  has  provided  the  impetus  to  use  light- 
weight metals  as  a substitute  for  steel.  In  the  continuing  effort  to  reduce  weight,  and  con- 
sequently improve  aircraft  performance,  titanium  offers  especially  valuable  assistance. 

The  rapid  and  widespread  acceptance  of  titanium  alloys  by  the  aerospace  industry  has  been 
based  on  two  important  factors:  strength/weight  ratio  and  corrosion  resistance.  This 
acceptance  has  occurred  in  spite  of  shortcomings  which,  in  turn,  are  responsible  for  re- 
stricting fuller  use.  The  tendency  of  titanium  to  gall  and  seize  when  used  in  medium-to- 
high  bearing  loads  and  its  susceptibility  to  stress  corrosion  cracking  have  been  formidable 
obstacles.  These  shortcomings  of  titanium  and  its  tendency  to  induce  galvanic  corrosion  of 
other  metals  have  restricted  the  full  use  of  its  alloys.  Pratt  & Whitney  Aircraft  (P&WA) 
developed  a process  that  ameliorates  the  aforementioned  shortcomings  without  affecting 
mechanical  oroperties. 
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General 

Anodic  coatings  have  been  widely  used  in  the  field  of  reactive  metal  finishing  for  some 
time  and  are  easily  applied  to  titanium  and  its  alloys.  In  contrast  to  metals  such  as  aluminum 
and  magnesium  where  the  oxides  have  a demonstrated  value  for  improving  wear  resistance 
and  providing  corrosion  protection,  oxides  on  titanium  usually  manifest  themselves  as  thin 
(100-10,000  angstrom)  interference-colored  films.  The  coloration  results  from  interference 
due  to  light  refraction/reflection  within  the  surface  oxide  and  is,  therefore,  directly  propor- 
tional to  oxide  thickness  (References  1 and  2). 

Anodic  oxidation  can  lead  to  any  of  three  events  on  the  titanium  surface,  namely 
(1)  oxygen  evolution,  (2)  metal  solution  and  (2)  formation  of  a metal  oxide.  Most  processes 
lead  to  some  combination  of  these  three  althoug  i any  one  may  predominate.  Generally, 
anodic  treatment  in  a halogen-containing  electrolyte  causes  titanium  dissolution  and  oxygen 
evolution  to  predominate  over  the  oxide  formation.  Most  other  electrolytes,  during  anodic 
treatment,  form  oxides  on  titanium  with  little  oxygen  evolution  or  metal  dissolution. 

Since  titanium  can  be  anodized  in  virtually  any  electrolyte,  ar.  abundance  of  "exotic", 
and  "special"  solutions  have  been  rejjorted  and/or  patented.  The  effectiveness  of  the  oxide 
depends  on  its  physical  properties,  which  are  in  turn  dependent  on  the  electrolyte  composi- 
tion controlling  both  structure  and  ionic  or  "space  charge"  inclusions  in  the  oxide. 

Thicker  oxides  with  desirable  engineering  properties  have  also  been  reported;  these 
usually  require  a more  sophisticated  process  than  do  the  thinner,  colored,  decorative 
layers. 

P&WA  Process 


P&WA's  titanium  anodize  is  classified  as  a hard  coating  process  and  is  based  on 
earlier  work  of  Covington  and  Millaway  (Reference  3).  It  uses  a neutral  electrolyte  con- 
taining sodium  ammonium  phosphate  and  half-wave  rectification. 

Preparation  for  processing  is  considerably  simpler  than  that  required  for  anodic 
treatment  of  other  alloys  such  as  aluminum.  All  items  should  b ■ free  of  sharp  burrs  before 
degreasing  in  alkali  or  halogenated  hydrocarbon.  If  the  part  in  process  contains  residual 
stresses  from  welding  or  forming  operations,  alkali  degreasing  is  used  to  minimize  the 
chances  of  stress  corrosion  cracking.  Heavy  scale  or  oxides  are  removed  by  vupor  blasting 
or  by  pickling  in  a nitric-hydrofluoric  acid  solution.  The  former  provide^  a more  uniform 
surface,  especially  if  there  are  any  welds  on  the  part.  Glass  bead  peening  can  be  used 
before  anodizing  and 's  recommended  for  low-temperature  (less  than  000  °F)  applications 
where  maximum  fatigue  strength  is  required.  Subsequent  anodizing  does  not  remove  the 
beneficial  compressive  stresses  resulting  in  improved  fatigue  properties. 

Stop-off  paints  and  tapes  a^e  used  to  avoid  coating  select  areas;  however,  the  mask- 
a.ots  tend  to  lift,  exposing  bare  surfaces  that  are  subject  to  a high  current  surge.  Maskants 
are,  therefore,  not  recommended;  whenever  possible,  the  entire  part  is  coated. 


The  Anodizing  Fleet rolyte,  as  nentioned  earlier,  consists  of  a neutral  sodium  am- 
monium phosphate  solution.  It  is  prepared  hy  mixing  trisodium  phosphate  with  phosphoric 
acid  and  ammonium  hydroxide: 


Trisodium  Phosphate 
Phosphoric  Acid 
Ammonium  Hydroxide 
pH 

Operating  Temperature 


Concentration 

100  g/1 

50  ml/1 
70  ml/1 
7.0  - 8.0 
80° F - 130  F 


In  this  system  either  lead  or  carbon  can  l>c  cathode  material.  Agitation  is  neces- 
sary to  dissipate  the  heat  generated  during  the  process  and  retain  the  homogeneity  of  the 
solution,  electrolyte  temperatures  below  80  F arc  not  recommended  because  they  make 
production  of  thin  uniform  oxides  difficult;  operation  at  temperatures  above  130° F results 
in  softer,  more  porous  oxide  coatings.  Because  the  suitable  temperature  range  of  operation 
is  wide,  cooling  methods  such  as  coils  or  heat  exchangers  are  not  necessary. 

The  Processing  l ank  may  be  constructed  from  a wide  variety  of  materials  because 
the  electrolyte  is  not  particularly  aggressive.  The  basic  requirement  is  for  a sufficiently 
reinforced  tank  of  suitable  size.  At  the  Florida  Research  and  Development  Center  (FRDC),  a 
Poly  Vinyl  Chloride  (PVC)  tank  has  been  used  for  over  three  years  with  satisfactory  results. 

Processing  of  parts  can  be  done  as  summarized  on  Figure  1.  After  placing  the 
prepared  part  >nto  the  electrolyte  and  making  electrical  connections,  the  voltage  is  raised 
to  a predetermined  point  using  a half-wave  rectifier  similar  to  that  shown  in  Figure  2. 

As  the  voltage  is  increased,  the  oxide  increases  in  thickness  producing  a series  of  inter- 
ference colors  until  a voltage  is  reached  where  surface  sparking  begins.  A few  volts  above 
this  point  will  produce  the  desired  thickness.  The  sparking  (or  surface  burning)  will  con- 
tinue throughout  the  coating  process  and  cease  only  after  the  titanium  is  uniformly  coated 
with  oxide.  The  rate1  at  which  the  voltage  is  increased  is  limited  only  by  the  current  restric- 
tions of  the  rectifier.  The  parts  are  then  removed,  rinsed,  and  air  dried.  When  a subsequent 
treatment  - such  as  a dry  film  lubricant  application  - is  performed,  the  surfaces  should  not  be 
handled  before  application  of  the  lubricant. 

Figure  2 illustrates  the  approximate  shape  of  potential  vs  time  plots  for  the  rectifier 
output  at  various  locations  along  its  circuit.  During  anodizing,  the  insulating  oxide  forming 
on  the  titanium  acts  like  a capacitor  and  therefore  the  waveform  approaches  that  of  full 
wave  rectified  current.  When  the  IK'  voltage  is  measured  (V-j),  the  apparent  voltage 
increases  with  time  because  the  meter  is  measuring  RMS  voltage,  which  for  the  same  peak 
voltage  becomes  greater  as  full  wave  rectification  is  approached.  Voltage  used  for  thick- 
ness control  should  therefore  be  measured  with  the  AC  voltmeter  (V). 


To  determine  the  voltage  desired  for  processing  parts,  a series  of  specimens  are 
run  at  various  voltages,  and  either  thickness  or  weight  gain  measurements  are  made.  Fig- 
ure 3 illustrates  a typical  voltagc-vs-thickness  and  voltage-vs-wcight  gain  plot  obtained 
with  this  anodizing  process.  This  type  of  plot  should  be  repeated  at  regular  intervals  since 
electrolyte  composition  variations  change  the  results. 
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Figure  3.  Effect  of  Anodizing  Voltage  on  Oxide  Thickness 
and  Weight  Gain 

Since  the  "throwing  power"  of  the  solution  is  high,  the  most  complicated  part 
configurations,  including  blind  holes  and  ID  tubing  walls,  can  be  anodized.  The  main 
reason  for  uniformity  in  areas  remote  from  the  cathode  is  the  insulating  nature  of  the 
coating  formed  together  with  the  high  conductivity  of  the  anodizing  solution.  As  the 
coating  builds  up  in  one  area,  resistance  increases  so  current  is  directed  to  another  area 
with  a thinner  oxide.  It  is  therefore  impossible  to  treat  a part  too  long.  At  the  preselected 
voltage,  anodizing  continues  only  until  the  coating  is  complete  and  then  the  current  ceases. 

With  continued  use,  the  solution  becomes  bluish-violet  in  color;  this  is  attributed  to 
the  formation  of  [Ti  (H20)g]+3  ions  in  solution.  This  color  will  not  interfere  with  the 
anodizing  process;  however,  a sludge  of  titanium  oxide,  which  forms  in  the  solution, 
should  be  periodically  removed  to  ensure  continued  uniform  coating. 

OXIDE  COMPOSITION  AND  CHARACTERISTICS 


romposition 

Analyses  of  these  coatings  show  a high  concentration  of  occluded  phosphate.  X-ray 
fluorescence  and  chemical  analysis  show  a phosphorous  content  of  25  percent  expressed 
as  Ti  PO4  (which  is  probably  not  the  only  form  present).  Infrared  analysis  has  confirmed 
the  presence  of  phosphate  ions;  X-ray  diffraction  indicates  amorphous  oxides. 

Surface  Finish 


Final  finishes  depend  on  both  the  original  surface  finish  and  the  thickness  of  the  oxide 
produced.  For  most  applications,  a thickness  of  0.0002  in.  - 0.0003  in.  is  recommended 
and  results  in  a surface  finish  of  15-30AA  (microinches)  on  surfaces  with  a 3CAA  or  less 
starting  finish.  Rougher  surfaces  remain  virtually  unchanged  after  anodizing.  Thicker 
oxides  result  in  a slightly  rougher  surface  (Table  1).  Generally,  the  surfaces  take  on  a 
mat  appearance  with  a color  of  either  brown  (similar  to  a cardboard  box)  for  alloys  such 
as  Ti-6A1-4V  or  gray  for  alloys  such  as  Ti-8Al-lMo-lV.  Compositional  variations  causing 
the  color  differences  have  not  been  determined,  but  with  experience  it  is  possible  to 
identify  some  alloys  by  the  colors  produced  by  anodizing. 
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Table  1.  Kffect  of  Anodizing  on  Surface  Finish  (AMS  41)28) 


r 


* 

t 


500  mg/lnr  Weight 

800  mg/in?  Weight 

Gain” 

Gain” 

Surface  Preparation 

Before  After 

Before  After 

I)  micron  AI9O.J  polish 

4AA* 

2 5- .10  A A 

0AA 

45AA 

Grind  on  000  grit  paper 

7AA 

15-20AA 

17AA 

50AA 

Grind  on  400  grit  paper 

18AA 

55AA 

Grind  on  240  grit  paper 

10AA 

20-25AA 

ISA  A 

C5AA 

Grind  on  120  grit  paper 

14AA 

15-20AA 

27AA 

50  A A 

As  machined 

40A  A 

00AA 

Vapor  blast 

1IIAA 

20-  .10  A A 

Grit  blast 

70AA 

55-05AA 

NOTH:  ’Surface 

finishes  reported 

as  arithmetic 

average, 

microinches. 

’♦Refers  to  weight  gain  caused  by  anodizing 
500  mg/in?  0.00025  in. 

800  mg/in?  0.0004  in. 
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When  titanium  is  exposed  to  air  it  very  rapidly  becomes  coated  with  a tenacious 
oxide  coating  that,  with  repeated  exposures,  recurs  almost  instantaneously.  This  oxide 
interferes  with  many  coating  processes  by  presenting  a barrier  to  an  intimate  bond.  It  is 
therefore  easier  to  produce  a significant  coating  by  modifying  the  oxide  (by  anodizing)  than 
it  is  to  apply  overlays  or  other  (i.c.,  metallic)  coatings.  This  anodize  was  advanced  by 
both  chemical  and  electrical  process  development  for  specific  P&WA  gas  turbine 
engines.  The  anodize  provides  a barrier  layer  that  reduces  or  eliminates  the  severe  galling 
that  occurs  when  titanium  is  subject  to  rubbing  or  sliding  forces.  Moreover,  since  dry  film 
lubricants  containing  molybdenum  disulfide  have  been  successfully  used  in  many  applica- 
tions, the  anodize  was  developed  to  provide  a good  base  to  augment  this  type  of  lubrication. 

Pin-on-Disk  Wear  Test 

A pin-on-disk  test,  similar  to  that  described  in  ASTM  I)271(J-G8T,  was  used  to  evaluate 
the  wear  life  of  lubricated  titanium  with  and  without  anodizing.  The  wear  disk  is  rotated  at 
some  selected  velocity  while  a pin  rides  on  the  disk  subject  to  a load  (Fn)  as  shown  in  Fig- 
ure 4.  Tangential  forces  are  measured  using  strain  gages,  and  coefficients  of  friction 
(tangential  load/normal  load)  arc  continuously  monitored  with  high  and  low  values  recorded 
during  the  test  until  a sharp  increase  in  coefficient  occurs  (indicating  coating  failure). 

Results  of  these  tests  demonstrate  that  anodizing  before  lubricating  increases  the  wear 
life  more  than  40  percent.  Coefficients  of  friction  varied  from  0.05-0.15  in  systems  with 
molybdenum  disulfide  type  dry  film  lubricants  over  the  anodic  coating.  Tests  conducted 
from  80°F-900°F  all  indicated  anodizing  improved  the  wear  life. 
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Figure  l.  I’in-on-Disk  Wear  Test 

Other  tests  conducted  at  IRIX’  with  threaded  connectors  demonstrate  both  the  oxide's 
ability  to  prevent  galling  when  used  alone  and  its  suitability  as  a base  for  dry  film  lubrication. 

KFFFCT  OF  A NO  1)1  ZF  ON  CORROSION  Sl'SC  K l»TI  B1  MTV 

The  overall  corrosion  resistance  of  titanium  alloys  led  to  their  wide  use  in  environ- 
ments hostile  enough  to  destroy  many  others  in  a short  time'.  Its  natural  resistance  to 
corrosion  is  attributed  to  the  tenacious  oxide,  which  forms  over  the  surface  and  protects 
the  metal  from  further  attack.  There  are,  however,  two  forms  of  corrosion  that  gas 
turbine  manufacturers  have  as  a common  problem;  these  forms  restrict  some  aerospace 
applications. 

Among  the  limitations  :s  hot  salt  stress  corrosion  cracking  (IISSCC),  which  was  first 
observed  fluring  creep  testing  of  titanium  alloys  (Reference  4)  and  extensively  dealt  with 
in  the  past  (References  5,  <1,  7).  Generally,  titanium  alloys  are  susceptible  to  IISSCC  at 
temperatures  above  500" F. 

The  P&WA  anodize  has  been  evaluated  in  IISSCC  on  numerous  commercial  alloys  by 
both  conventional  salted  stress  rupture  and  bent  beam  (with  stresses  calculated  using  the 
method  of  Haaijer  and  I/iginow,  Reference  8)  and  has  been  demonstrated  to  provide  a 
significant  improvement  in  the  resistance  to  cracking  (Figure  5)  of  both  Ti  t'-l-l  and 
Ti-G-4.  Limited  data  show  that  significant  improvements  can  be  expected  in  the  stress 
corrosion  resistance  of  many  alloys  through  this  anodizing. 

Titanium-induced  galvanic  corrosion  of  dissimjlar  metals  is  likewise  an  area  of 
concern.  Suostantial  increases  are  experienced  in  the  corrosion  rates  of  dissimilar  metals, 
such  as  aluminum  or  low  alloy  steels  coupled  to  titanium  alloys  (References  9,  10).  It 
was  therefore  intended  to  develop  the  anodizing  process  to  produce  a non-onductive  oxide 
barrier.  In  this  way,  galvanic  currents  arc  reduced  as  is  the  accelerated  attack.  Fig- 
ure G shows  the  effect  of  I’tWA's  anodize  on  the  galvanic  attfek  of  a sulfuric  acid  anodized 
aluminum  C355  block  with  Ti-GA1-4V  connectors  threaded  into  it  after  salt  spray  testing 
if  per  ASTM  B117.  The  masrive  aluminum  oxide  production  occurring  at  the  Ti/Al  inter- 

face was  eliminated  by  anodizing  the  titanium. 
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Figure  5.  Threshold  Stress  for  Salted  Ti-8Al-lMo-lV  and 
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Figure  6.  Titanium  Induced  Galvanic  Corrosion  of  Aluminum 
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for  many  applications  of  coated  titanium  alloys,  it  is  important  that  the  coating  not 
compromise  mechanical  properties.  Generally,  anything  applied  to  the  surface  will  reduce 
the  strength  of  titanium.  One  of  the  development  objectives  for  this  anodic  coating  system 
was  minimal  effects  on  important  engineering  properties  including  tensile  and  fatigue 
strengths. 

Hydrogen  1.  mb  ritt  lenient 

Whenever  dealing  with  electrochemical  processing  of  titanium  alloys,  the  possibility  of 
hydrogen  absorption  and  resultant  embrittlement  must  be  considered.  In  an  anodic  process, 
with  current  "on",  the  workpiece  is  protected  against  hydrogen  discharge  at  the  cathode, 
further,  at  an  efficiency  of  less  than  100r  , oxygen  is  evolved  at  the  workpiece,  providing 
additional  assurance  that  hvdrogen  will  not  cause  a problem. 

Although  hydrogen  adsorption  absorption  is  unlikely  during  anodizing,  some  caution  is 
appropriate  regarding  possible  hydrogen  entry  during  preanodizing  operations,  for  example, 
pickling  with  nitric-hydrofluoric  acid  mixtures  requires  careful  control  of  the  acid  ratios, 
otherwise  substantial  hydrogen  pick-up  will  likely  occur  (Reference  11).  Another  source  of 
hydrogen  in  some  anodizing  processes  is  related  to  the  pH  of  the  anodizing  electrolyte.  When 
workpieces  are  in  contact  with  acid  electrolytes,  without  current  applied,  there  is  a possibility 
of  hydrogen  absorption.  With  the  neutral  electrolyte  process  described  in  this  paper,  pro- 
longed immersion,  with  or  without  current,  will  not  result  in  hydrogen  pickup. 

Therefore,  when  working  with  hydrogen-sensitive  materials  such  as  titanium,  safe- 
guards are  required  to  prevent  embrittlement.  P&WA's  anodizing  process  provides  these 
safeguards. 

Tensile  Strength 

The  effect  of  anodizing  on  tensile  strength  and  ductility  was  investigated  using  standard 
tensile  specimens.  Agreement  was  good  between  the  yield  and  ultimate  strengths  and  the 
ductility  for  anodized  and  uncoated  specimens.  Table  2 summarizes  tests  conducted  at  room 
temperature. 

Tests  using  other  titanium  alloys  and  temperatures  up  to  G00°F  gave  results  comparable 
to  those  above;  i.e. , no  effect  of  anodizing  on  tensile  properties. 


High  Cycle  fatigue 


Krouse  rotating  beam  specimens  fabricated  from  Ti-8Al-lMo-l  V were  used  to  determine 
the  effects  of  anodizing  on  the  high  cycle  fatigue  (HCF)  strength.  The  fatigue  limits  were 
determined  by  loading  to  a point  of  alternating  stress  at  which  the  life  exceeded  1.0  x 10? 
cycles.  Anodizing  did  not  reduce  the  fatigue  properties  at  the  elevated  temperatures  (600° F 
or  900’ F,  as  shown  on  figure  7);  however,  at  room  temperature  a 5(7<  reduction  in  strength 
occurreci.  Other  alloys  in  both  bar  and  sheet  form  behave  similarly. 
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Table  2.  Tensile  Properties  of  Anodized  AMS  41)1<! 


Processing 

Tensile  Yield 
psi  x 10:l 

Tensile  l lllmale 
psi  x 103 

Elongation, 

Percent 

Control  1 

152.  0 

111.0 

11.4 

Control  2 

1.11.5 

M l.  5 

13.0 

Control  .1 

13.1.  8 

143.2 

12.2 

Anodize  l 

133.7 

143.0 

12.0 

Anodize  5 

135.  r, 

14(i.O 

13.3 

Anodize  (1 

131.  1 

141.9 

13.3 

104  106  106  107 
CYCLES 


Figure  7.  Flevated  Temperature  High  Cycle  FD  82922 

Fatigue  Strength  of  Ti-8Al-lMo-lV 

A second  FCF  test  utilizing  a constant-stress  specimen  (Figure  8)  in  a plate  fatigue 
machine  was  used  to  assess  effects  of  anodizing  on  fatigue  properties.  The  specimens  were 
coated  on  one  side  only  and  tested  in  reverse  bending  at  600’ F and  a vibratory  stress  of 
■05  ksi.  There  was  no  significant  difference  in  the  cycles  to  failure  of  one-side-coated  and 
uncoated  specimens.  Further,  the  failures  ir.  four  of  the  ten  anodized  specimens  originated 
on  the  coated  side  while  six  originated  on  the  uncoated  side.  No  failures  originated  at  the 
specimens'  edge  (see  Table  3). 

It  must  be  concluded  that  anodizing  should  not  have  a significant  effect  on  11CF  properties. 
This  characteristic  enables  the  use  of  anodizing  in  fatigue  limited  areas  where  other  coatings 
are  not  practical.  Moreover,  HCF  testing  forms  an  integral,  and  important  index  of  con- 
formance to  PftWA'a  anodizing  specification. 
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Low  Cycle  Fatigue 

Cyclic  tension-compression  tests  at  600° F and  approximately  3 cpm  were  conducted  on 
conventional  specimens  fabricated  from  Ti-6Al-2Sn-4Zr-GMo. 

The  specimens  were  tested  as-machined,  after  shot-peening,  and  after  anodizing  (on 
both  as-machined  and  shet-peened  surfaces).  Shot-peening  tended  to  increase  the  LCF 
strength  of  either  as-machined  or  anodized  specimens.  The  increased  life  is  attributed  to 
compressive  stresses  induced  in  the  surface  to  a depth  which  must  be  significantly  greater 
than  the  metal  involved  in  anodizing  since  specimens  anodized  after  peening  still  demon- 
strated the  improved  properties  attributed  to  the  compressive  stresses.  At  high  alternating 
stresses,  above  120  ksi,  anodizing  alone  (without  peening)  appeared  to  reduce  the  fatigue 
life,  while  at  stresses  below  120  ksi,  anodizing  alone  actually  increased  the  life.  These 
results  are  summarized  in  Figure  9. 
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Figure  9.  Effects  of  Anodize  and  Peening  on  Low  Cycle  FD  82921 

Fatigue  Properties  of  Ti-6Al-2Sn-4Zr-6Mo  at  600°F 
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SUMMARY 


Anodically  controlled  oxidation  of  titanium  is  used  to  overcome  some  of  the  more 
important  limitations  to  its  use  in  gas  turbine  engine  environments.  Problems  in  wear  and 
corrosion  are  significantly  ameliorated  without  adversely  affecting  mechanical  properties;  thus 
anodically  eontrol!nd  oxidation  extends  the  use  of  titanium  alloys  to  more  fully  exploit  their 
favorable  strength/weight  ratios. 

The  coatings  produced  do  however  have  definite  limitations.  They  offer  no  structural 
strength  and  may  not  properly  be  used  to  build  up  the  thicknesses  of  a worn  or  undersize 
part.  Attempts  to  build  up  the  thickness  to  0.010  in.,  although  these  thicknesses  are  easily 
achieved,  incur  significant  porosity  and  nonuniformity.  Likewise,  erosion  resistance  of 
state-of-the-art  anodic  coatings  is  poor;  they  are  of  little  value  for  gas  path  components. 

Since  many  such  parts  could  use  the  type  of  protection  supplied  by  this  type  coating,  further 
work  is  in  order  to  improve  erosion  resistance. 

Although  high  temperature  stability  of  the  coating  has  not  been  seriously  investigated 
above  900°  F,  it  is  suspected  that  recrystallization  of  the  original  amorphous  oxide,  which 
occurs  above  1000°  1',  would  drastically  reduce  its  protective  qualities. 

It  has  now'  been  demonstrated,  outside  the  laboratory,  that  the  coating  improves  the 
operational  wear  life  of  titanium  parts.  This  coating  appears  on  over  200  different  com- 
ponents in  P&WA  advanced  engines.  On  fasteners,  it  prevents  galling  wear  both  with  and 
without  dry  film  lubrication.  Vanes  that  were  previously  damaged  during  force  fit  assembly 
are  now  coated,  eliminating  that  problem.  A further  application  adopted  by  another  aero- 
space company  is  the  coating's  use  on  a titanium  alloy  nose  gear  for  an  advanced  aircraft. 

In  other  applications,  the  coating  offers  protection  from  galvanic  corrosion  and  hot 
salt  stress  corrosion.  Titanium  plumbing  connecting  with  aluminum  alloy  gearboxes  are 
anodized  to  reduce  galvanic  attack  of  the  aluminum.  Two  years  service  experience  attests 
to  the  effectiveness  of  this  preventative  measure. 

The  P4VVA  anodic  hardcoating  of  titanium  represents  a further  extension  of  the  technology 
of  titanium  alloy  surface  treatment.  Properly  employed,  it  permits  reliable  application  of 
titanium  alloys  in  environments  that  previously  were  considered  too  severe. 
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STRESS  CORROSION  CRACKING  OF  URANIUM  ALLOYS 
W.  Czyrklis  and  M.  Lev/* 

ABSTRACT 

The  stress  corrosion  cracking  behavior  of  U-3/4%  Ti,  and  AMMRC  uranium 
allo>s  3/4%  Quad,  ]%  Quad  and  1%  Quint  have  been  studied  utilizing  a linear 
elastic  fracture  mechanics  approach.  The  threshold  stress  intensities  for 
stress  corrosion  crack  propagation  for  these  alloys  have  been  determined 
in  distilled  H^O  and  NaCl  solutions  containing  50  ppm  Cl"  and  21,000  ppm 
Cl”.  All  of  the  alloys  studied  may  be  classified  as  very  susceptible  to 
SCC  in  aqueous  solutions  since  they  exhibit  SCC  in  distilled  H20  (<1  ppm 
Cl”)  and  have  low  Kr  values  in  NaCl  solutions.  Crack  extension  in  all 
of  the  alloys  in  all  environments  was  transgranular  and  failure  occurred 
by  brittle  quasi-cleavage  fracture  in  NaCl  solution. 


♦Army  Materials  5 Mechanics  Research  Center,  Watertown,  MA  02172. 


STRESS  CORROSION  CRACKING  BEHAVIOR  OF  URANIUM  ALLOYS 

INTRODUCTION 

The  superior  armor  piercing  capabilities  and  ballistic  properties  of 

high  density  depleted  uranium  alloys  make  them  prime  candidates  for  artillery 

applications  involving  penetrator:.  and  nuclear  ammunition.  Many  of  these 

alloys,  however,  are  susceptible  to  stress  corrosion  cracking  (SCC)  in  a 

1 -7 

variety  of  environments 

Stress  corrosion  cracking  service  failures,  in  general,  result  from  the 
superposition  of  residual  stresses  in  the  system  and  the  applied  design 
stresses,  or  frequently  from  residual  stresses  alone.  Table  1 lists  some 
of  the  fabrication  processes  which  leave  high  residual  stresses  in  an  alloy 
component.  Several  of  these  processes  may  be  applicable  to  both  penetrator 
and  nuclear  shell  applications.  One  example  is  the  XM-673  projectile,  where 
an  important  consideration  is  the  resistance  of  the  uranium  alloy  shell 
material  to  environmentally  induced  crack -growth  in  the  region  of  pins 
(steel)  which  are  retained  by  interference  fit.  A state  of  residual 
tangential  tension  exists  around  the  pins  which  in  combination  with  the 
effects  of  an  aggressive  environment  can  cause  crack  propagation  during 
the  period  of  time  between  manufacture  and  firing.  Utilizing  a linear 
elastic  fracture  mechanics  approach,  the  uranium  alloy  shell  material  thres- 
hold of  resistance  to  SCC  (KT  ) can  be  determined. 

I see 

This  study  was  carried  out  to  determine  the  critical  threshold  intensity 
for  SCC,  ^iscc»  of  several  uranium  alloys  which  are  candidates  for  penetrator 
and  nuclear  shell  applications.  The  data  reported  herein  are  for  alloys 
in  the  as-extruded  condition  only  and  will  serve  as  base-line  data  for 
future  studies  involving  the  solution  treated  and  aged  alloys. 
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EXPERIMENTAL  PROCEDURE 

Materials 

The  uranium  alloys  studied  include  the  3/4%  Ti,  3/4%  Quad,  1%  Quad, 
and  the  1%  Quint  compositions.  These  alloys  weie  in  the  as-extruded 
condition  and  their  chemical  analyses  and  mechanical  properties  are  listed 
in  Tables  2 and  3,  respectively.  It  should  be  noted  that  the  1%  Quint  alloy 
had  the  highest  strength  while  the  3/4  Quad  alloy  had  the  highest  elongation 
and  reduction  in  area  (ductility).  The  3/4%  Ti  alloy  had  the  lowest 
strength  and  had  relatively  low  ductility. 

Microstructures  of  the  alloys  are  shown  in  Figure  1 (a,  b,  c,  d) . The 
3/4  Ti  alloy  (a)  contains  some  martensite  which  is  due  to  the  high  temper- 
ature, even  though  it  is  air  cooled  from  a high  extrusion  temperature.  Al- 
though the  alloy  is  primarily  alpha  uranium,  some  beta  uranium  (identified 
by  x-ray  diffraction)  is  present  because  of  slow  cooling  through  the  two-phase 
region.  The  black  specks  are  probably  l^Ti  intermetallic . The  structure 
for  the  3/4%  Quad  allov  (b)  is  primarily  alyha  and  shows  large  recrystallized 
grains  which  probably  were  prior  gamma  grains.  A second  light  etching  phase 
is  present  at  the  grain  boundaries.  Another  phase  appears  to  be  finely 
distributed  throughout  the  grains  and  inclusions  of  varying  shape  are  also 
present.  The  microstructure  of  the  1%  Quad  alloy  (c)  is  similar  to  that  of 
the  3/4%  Quad  alloy  but  also  shows  evidence  of  banding.  The  1%  Quint  alloy 
structure  (d)  is  again  primarily  alpha  uranium  and  shows  late  recrystallized 
equiaxed  grains.  A second  dark  etching  phase  appears  to  outline  some  of 
the  grains  in  the  direction  of  banding.  Another  phase  or  precipitate  is 
distributed  throughout  the  grains  and  both  inclusions  and  larger  scale 
inhomogeneities  are  evident. 
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The  environments  used  were  distilled  H^O  (contained  <1  ppm  Cl  ) and 
3.5%  NaCl  solution  (>21,000  ppm  Cl").  A limited  number  of  SCC  tests  were 
carried  out  in  solutions  containing  50  ppm  Cl"  in  order  to  determine  the 
effect  of  Cl"  concentration.  Reagent  grade  chemicals  and  distilled  H^O 
were  used  to  prepare  the  solutions. 

Specimens  and  Test  Procedure 

The  stress  corrosion  specimens  (see  Figure  2)  which  were  single-edge 
notch  specimens  (6.0"  x 0.35"  x 0.35")  were  fabricated  from  5/8"  diameter 
extrusions  and  are  designated  LR,  that  is,  the  specimens  were  cut  with  the 
long  dimension  parallel  to  the  direction  of  maximum  grain  flow  and  notched 
so  that  crack  growth  and  fracture  will  occur  in  the  radial  direction. 

The  test  uses  a precracked  bar  stressed  as  a cantilever  beam.  A sharp 
notch  is  machined  across  the  rectangular  bar  specimen  at  mid-length,  and 
is  sharpened  by  fatiguing.  The  specimen  is  held  in  a rack  horizontally 
(as  shown  in  Figure  3)  with  the  precracked  central  portion  surrounded  by 
a plastic  bottle  which  contains  the  environment.  One  end  of  the  specimen 
is  clamped  to  the  mast  of  the  rack  and  the  other  end  to  an  arm  from  which 
weights  are  suspended.  On  evaluating  the  alloy,  the  specimen  is  first 
stressed  in  air  at  increasing  loads  until  it  fractures.  The  data  are 
reduced  to  stress  intensity  using  the  Kies  equation  (shown  in  Figure  2)  . 
Having  established  the  stress  intensity  for  "dry"  conditions,  Kjc,  a 
specimen  is  similarly  tested  in  distilled  ^O  and  NaCl  solutions  at  a 
somewhat  lower  stress  intensity.  If  the  specimen  did  not  fail  within  an 
hour,  the  stress  intensity  was  increased  by  approximately  3%  each  succeeding 
hour  until  failure  occurred  and  the  time  required  for  rupture  noted. 
Additional  specimens  were  stressed  at  lower  stress  intensities 
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which  was  determined 


for  12-24  hours  to  give  a more  valid  value  for  K. 

Iscc 

from  a plot  of  stress  intensity  versus  time  to  failure.  K.  is  the  thres- 
hold  stress  intensity  value  for  the  onset  of  cracking. 

Fractured  surfaces  wc-re  replicated  by  the  plastic  carbon  technique  and 
examined  by  electron  microscopy.  Chromium  was  used  as  a replica-shadowing 
material . 

RESULTS  AND  DISCUSSION 

Kt  Determination 
Iscc 

Figure  4 contains  plots  of  critical  stress  intensity  versus  time-to- 
failure  for  the  alloys  tested  in  distilled  H^O  (<1  ppm  Cl  ).  The  data  show 
that  Kjscc  is  40  ksi  /in.  for  the  3/4  Quad  alloy,  28  ksi  /in.  for  the  1% 

Quad  alloy,  21  ksi  /in.  for  the  3/4  Ti  alloy,  and  9 ksi  /in"  for  the  1% 

Quint  alloy.  The  "dry  air"  values  are  47  ksi  /in. , 32  ksi  /in. , 24  ksi 
/in. , and  20  ksi  /in.  respectively.  For  the  test  duration  time  of  12-24 
hours  that  was  employed,  the  alloys  showed  relatively  little  susceptibility 
to  SCC  in  distilled  H^O,  except  for  the  1%  Quint  composition  which  exhibited 
greater  susceptibility.  Figure  5 shows  similar  plots  for  the  alloys  ‘in  a 
3.5%  NaCl  environment  (>21,000  ppm  Cl").  The  Kjscc  values  obtained,  i.e., 

15  ksi  /in.  for  the  3/4  Ti  alloy,  12  ksi  /in.  for  the  3/4  Quad  alloy,  7 ksi 
/in.  for  the  1%  Quad  alloy,  and  5 ksi  /in . for  the  1%  Quint  alloy,  indicate 
that  all  the  alloys  are  very  susceptible  to  SCC  in  this  environment. 

Additional  tests  were  carried  out  with  the  1%  Quad  and  1%  Quint  alloys 
in  a NaCl  solution  containing  only  50  ppm  Cl  . Threshold  values  similar 
to  those  found  in  the  3.5%  NaCl  environment  (>21,000  ppm  Cl  ) were  obtained 
(see  Figure  6)  indicating  that  the  lower  chloride  concentration  did  not 
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significantly  affect  (reduce)  the  susceptibility  of  these  two  alloys  to 
SCC  in  NaCi.  Figure  6 also  shows  that  the  susceptibility  of  the  1%  Quint 
alloy  to  SCC  in  a NaCl  solution  containing  50  ppm  Cl"  can  be  markedly  reduced 
by  adding  0.1M  sodium  nitrate  to  the  solution.  Electrochemical  studies 
of  unstressed  specimens  have  shown  that  the  uranium  alloys  studied  cannot 
be  anodically  passivated  in  NaCl  solutions  containing  50  ppm  Cl"  or  greater 

g 

and  pitting  of  the  alloys  occurs  . However,  the  addition  of  0.1M  sodium 
nitrate  shifts  the  corrosion  potential  in  the  more  noble  direction,  stifles 
the  anodic  reaction  and  prevents  pitting  at  potentials  up  to  +0.6V  vs  SCE. 

The  NaNOj  also  provides  an  inhibiting  effect  in  the  stress  corrosion  tests 
since  the  compound  reduces  the  susceptibility  of  the  alloy,  that  is,  it 
increases  the  Kjscc  from  5 to  16  ksi  /in.  which  approaches  the  air  value 
of  20  ksi  /in. 

A summary  of  all  the  results  obtained  are  shown  in  Table  4 along  with 
the  ASTM  recommended  minimum  thickness  requirement.  It  should  be  noted 
that  the  specimen  geometry  for  the  alloys  studied  meets  all  the  criteria 
for  plane-strain  conditions  according  to  ASTM  Specification  E399-72  ".Plane- 
Strain  Fracture  Toughness  of  Metallic  Materials"  except  for  the  "dry  air" 
value  obtained  for  the  3/4%  Quad  alloy. 

Fractography 

Figures  7 through  10  are  high  magnification  replica  fractographs  for 
each  alloy  showing  the  effect  of  environment  on  the  fracture  mode.  Figure 
7 shows  that  the  predominant  mode  of  failure  for  the  U-3/4  Ti  alloy  in  air, 
distilled  H^O  and  3.5%  NaCl  solution  is  transgranular  quasi -cleavage.  The 


cleavage  planes  are  broken  up  into  small  facets  with  coarse  and  ill-defined 


river  markings  and  the  facets  are  joined  by  highly  distorted  regions.  The 
fractograph  for  the  3/4  Quad  alloy,  Figure  8,  shows  that  the  fracture  mode 
in  air  is  transgranular  plastic  fracture,  normal  mode.  Note  the  round  and 
equiaxed  dimples.  In  distilled  M^O  there  is  a dual -structured  topography 
in  the  slow  growth  region.  Areas  of  quasi-cleavage  and  ductile  dimple 
fracture  are  observed.  In  the  siow  growth  (SCC)  region  the  predominant 
failure  mode  in  3.5%  NaCl  is  quasi-cleavage. 

Figure  9 shows  that  the  fracture  mode  for  the  1%  Quad  alloy  in  aii  is 
mixed  quasi-cleavage  and  dimple  rupture.  A similarly  structured  topography 
was  observed  in  the  slow  growth  region  of  the  alloy  in  the  distilled  H^O 
environment,  while  quasi-cleavage  was  the  failure  mode  in  3.5%  NaCl  solution. 
Dimple  rupture  is  the  mode  for  the  1%  Quint  alloy  in  air.  Figure  10.  Note 
that  the  dimples  are  smaller  than  those  observed  in  the  3/4  Quad  alloy 
indicating  that  the  Quint  alloy  is  less  ductile  (see  RA  values  in  Table  3). 

In  distilled  H^O  the  fracture  consisted  of  a mixed  quasi-cleavage  and  dimple 
rupture  slow  growth  mode.  The  addition  of  chloride  ion  (50  ppm  and  21,000 
ppm)  to  the  distilled  H^O  resulted  in  pure  quasi-cleavage  fracture  while 
the  addition  of  an  inhibitor,  NaNO^,  to  the  chloride  solution  (50  ppm  Cl  ) 
produced  the  dual  mode  quasi-cleavage  and  dimple  rupture  topography  observed 
in  distilled  H^O.  A summary  of  the  influence  of  environment  on  the  fracture 

behavior  of  the  uranium  alloys  is  contained  in  Table  5. 

7 

Magnani  has  tested  U-0.5%  Ti  alloy  in  air  and  in  50  ppm  Cl  solution 
and  has  reported  that  the  Kjscc  value  in  air  was  25-30  ksi  /in.  and  22  ksi 
/In7  in  the  chloride  solution.  The  alloy  was  in  the  metastable  condition 
obtained  by  quenching  from  the  gamma  region.  The  stress  corrosion  fracture 
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mode  in  both  the  air  and  the  chloride  environment  was  transgranular.  Our 
data  for  the  U-3/4%  Ti  alloy  is  quite  similar  although  the  Ti  content  is 
.20%  greater.  Magnani2  observed  that  the  relative  susceptibility  to 
intergranular  cracking  decreases  as  the  alloy  content  decreases.  It  appears 
from  his  work  that  intergranular  cracking  is  observed  when  the  alloy  content 
is  4-1/2%  or  greater  while  at  lower  alloy  content  the  transgranular  mode 
is  operative.  Our  work  reported  herein  supports  this  observation  insofar 
as  all  of  the  alloys  tested  had  alloy  contents  less  than  4.0%  and  the 
stress  corrosion  cracking  failure  mode  was  transgranular  in  all  cases. 

Critical  Flaw  Depth 


In  Figure  11,  the  stress  corrosion  cracking  threshold  Kjscc  in  air  and 

aqueous  environments  is  plotted  as  a function  of  yield  strength  to  give  an 
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analysis  of  the  relative  merit  of  various  alloy  compositions  . The  data 
in  this  figure  can  be  related  to  critical  flqw  sizes  for  propagation  of  a 
stress  corrosion  crack  by  the  Irwin  equation,  which  gives  the  crack  tip 
stress  intensity  for  a surface  flaw  of  arbitrary  geometry: 


^2  1 .2tto  a 


Q2-0.212 (—  )2 

°y 


(1) 


where  a is  rhe  depth  of  the  crack,  a is  the  applied  stress,  is  the  yield 


stress,  and  Q is  a shape  factor  for  the  crack.  By  assuming  a ratio  of 
applied  stress  to  yield  stress,  the  minimum  critical  flaw  depth  to  propagate 
a stress  corrosion  crack  can  be  expressed  in  terms  of  the  materials  properties 
^Iscc  an<^  °y*  The  strai8ht  lines  representing  flaw  depths  plotted  in  Figure 


11  are  based  on  the  assumption  of  a long  thin  crack  (Q  =1),  and  a = a , 


for  which  equation  (1)  becomes: 
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The  assumption  a/a = 1 represents  the  most  conservative  case.  In 
applications  where  the  applied  stress  derives  solely  from  res’dual  or  fit-up 
stresses,  o/n^  ratios  on  the  order  of  0.25  to  0.50  are  probably  more 
realistic.  In  that  case  the  critical  flaw  depths  shown  in  Figure  11  would 
be  20  times  and  5 times  larger  than  those  computed  from  equation  (2), 
respectively.  The  significance  of  this  figure  is  that  if  one  has  a flaw 
size  represented  by  one  of  the  lines,  an  alloy  whose  Kjscc  falls  above 
that  line  should  be  utilized  if  SCC  is  to  be  avoided. 

For  the  "worst  case",  (a  = o ') , the  Kjscc  data  which  have  been  plotted 
in  Figure  11  show  that  none  of  the  alloys  studied  can  tolerate  a flaw  as 
deep  as. 0.050"  in  any  of  the  environments  if  the  operative  stress  equals 
the  yield  strength.  The  critical  flaw  size  for  the  3/4  Ti  alloy  appears 
to  be  0.010"  in  both  air  and  H20.  The  alloy  can  tolerate  a flaw  as  deep  as 
0.001"  in  3.5%  NaCl  solution.  The  3/4%  Quad  alloy  can  readily  tolerate  a 
flaw  0.010"  deep  in  air  and  in  1^0.  In  3.5%  NaCl  solution  the  tolerable 
crack  depth  is  0.001".  Flaws  as  deep  as  0.001"  can  be  tolerated  by  the  1% 
Quad  alloy  in  both  air  and  1^0,  but  in  NaCl  solutions,  the  crack  depth 
tolerance  is  reduced  to  0.0001".  The  1%  Quint  alloy,  which  is  the  most 
susceptible  alley,  can  tolerate  a flaw  as  deep  as  0.0001"  in  most  environ- 
mosts.  Based  on  crack  depth  tolerances  the  alloys  can  be  listed  in  the 
following  order  of  decreasing  merit:  3/4  Quad  alloy,  3/4  Ti  alloy,  1% 

Quad  alloy,  and  1%  Quint  alloy.  For  a lower  ratio  of  a/a  , the  magnitudes 
of  the  crack  depth  tolerances  would  increase,  but  the  order  of  merit  rank- 
ing would  remain  the  same. 


CONCLUSIONS 


1.  In  relative  terms  all  the  alloys  studied  may  be  classified  as  very 
susceptible  to  SCC  in  aqueous  solutions  since  they  exhibit  SCC  in  dis- 
tilled H_0  and  have  low  KT  values  in  NaCl  solution. 
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2.  The  alloys  can  be  ranked  in  the  following  order  of  decreasing  merit 

incorporating  both  the  SCC  resistance  Kjscc  and  the  contribution  which 
yield  strength  levels  can  make  to  SCC  failure:  3/4%  Quad  alloy,  3/4% 

Ti  alloy,  1%  Quad  alloy,  and  1%  Quint  alloy. 

3.  Sodium  chloride  provides  an  extremely  aggressive  environment  for  SCC 
of  uranium  alloys,  even  at  a concentration  of  50  ppm  Cl  . 

4.  The  SCC  resistance  of  the  most  susceptible  alloy,  the  1%  Quint,  can  be 
significantly  improved  by  adding  sodium  nitrate  to  the  chloride  solution. 

5.  Fractographic  analysis  of  the  stress  corroded  specimens  showed  that 
crack  extension  in  all  of  the  alloys  in  all  environments  ‘ms  trans- 
granular.  The  3/4%  Ti  alloy  failed  by  brittle  quasi -cleavage  fracture 
in  air,  distilled  H^O  and  NaCl  solution.  The  AMMRC  Quad  and  Quint 
alloys  exhibited  fractographic  ductile  characteristics  in  air  (dimple) 
rupture).  The  distilled  H20  environment  produced  a mixed  brittle  and 
ductile  topography  while  NaCl  solution  produced  only  brittle  charac- 
teristics in  these  alloys. 

FUTURE  WORK 

Similar  studies  will  be  carried  out  with  these  alloys  in  the  solution 
treated  and  aged  condition.  Applied  anodic  and  cathodic  potential  as  well 
as  hydrogen  permeation  experiments  will  also  be  carried  out  in  order  to 
elucidate  the  SCC  mechanism  or  mechanisms  which  may  be  operative. 
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Table  2 

Chemical  Analysis  of  Uranium  Alloys 


Alloy 

C 

ppm  by  wt 
H 0 

N 

Mo 

Nb 

wt  % 
Zr 

Ti 

3/4%  Ti 

<10 

2.4 

20 

7 

- 

- 

- 

0.70 

3/4%  Quad 

50 

1.6 

40 

54 

0.73 

0.74 

0.70 

0.49 

1%  Quad 

22 

4.4 

74 

- 

1.03 

1.04 

0.98 

0.62 

1%  Quint 

59 

- 

23 

1.00 

1.00 

0.94 

0.47 

Table  3 


Mechanical  Properties  of  Uranium  Alloys 


Alloy 

UTS 

ksi 

0.2YS 

ksi 

Elong 

% 

R.A. 

% 

Hard 

Rc 

3/4%  Ti 

161.6 

88 

4.5 

4.6 

32 

3/4%  Quad 

200 

111.5 

16.5 

25.4 

41 

1%  Quad 

234 

170 

8.0 

20.5 

47 

1%  Quint 

281.4 

236 

3.5 

4.6 

52 

r 


t 
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Table  t 


Summary  of  Uranium  SCC  Results 


3/4%  Ti 
161.6  UTS 
88  YS  * 

3/4%  Quad 
200  UTS 
111.5  YS  * 

1%  Quad 
234  UTS 
170  YS  * 

1%  Quint 
281.4  UTS 
236  YS  * 

Environment 

K 

ksi/Tn. 

min. 

thick 

K 

ksi/Tn. 

min. 

thick 

K 

ksi/Tn. 

min. 

thick 

K 

ksi  /Tin. 

min 

thick 

Air 

24 

0.015 

47 

0.44 

32 

0.089 

20 

0.018 

h2o 

21 

0.011 

40 

0.32 

28 

0.068 

9 

0.004 

3.5%  NaCl 

15 

0.006 

12 

0.029 

7 

0.004 

5 

0.001 

50  ppm  Cl" 

- 

- 

- 

- 

9 

0.007 

5 

0.001 

50  ppm  Cl" 
+0.1M  NaN03 

- 

- 

- 

- 

- 

- 

16 

0.011 

*Note:  A STM  Minimum  Thickness  = 2.5  (^-)2 
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Table  5 


Summary  of  the  Influence  of  Environment 
on  the  Fracture  Behavior  of  Uranium  Alloys 


Type  of  Fracture 

Influence 

of  Environment 

Air 

h2o 

50  ppm  Cl" 

21 ,000 

50  ppm  Cl" 

Alloy 

ppm  Cl" 

+ 

NaN03 

3/4%  Ti 

quasi - 
cleavage 

quasi - 
cleavage 

quasi - 
cleavage 

3/4%  Quad 

plastic 
fracture, 
normal  mode 
(ductile 
dimple) 

quasi  - 
cleavage 
plus 
ducti le 
dimple 

quasi  - 
cleavage 

1%  Quad 

cleavage 

facets 

plus 

dimples 

cleavage 

facets 

plus 

dimples 

quasi  - 
cleavage 

1%  Quint 

normal 

plastic 

fracture. 

smaller 

dimples 

than 

Quads 

quasi  - 
cleavage 
some 
dimples 

quasi-cleavage 

more 

cleavage- 

like 

cleavage 

plus 

ductile 

dimple 
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PHOTOMICROGRAPHS  OF  AS-EXTRUDED  URANIUM  ALLOYS.  MAG.  500X 


ARMY  MATERIALS  AND  MECHANICS  RESEARCH  CENTER 


Distilled  H^O  • 1 ppm  Cl 
O 3/4%  Ti 
□ 3/4%  Quad 


Figure  4.  STRESS -CORROSION  CRACKING  BEHAVIOR  OF  URANIUM  ALLOYS 

IN  DISTILLED  WATER 


Time  to  Failure,  Minutes 

STRESS-CORROSION  CRACKING  BEHAVIOR  OF  URANIUM  ALLOYS  IN  3.5%  SODIUM  CHLORIDE 


50  ppm  Cl 
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Figure  7.  ELECTRON  FRACTOGRAPHS 
OF  THE  3/4%  Ti  ALLOY  SHOWING 
FRACTURE  IN  (A)  AIR,  (B)  H?0,  AND 
(0  3.5%  NaCI 
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3/4%  OUAD 


Figure  8.  ELECTRON  FRACTOGRAPHS 
OF  THE  3/4%  OUAD  ALLOY  SHOWING 
FRACTURE  IN  (A)  AIR,  (B)  H„0,  AND 
(0  3. 5%  NaCI  2 


B.  H?0  - Mag.  2.800X 
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1%  QUAD  ALLOY 


Figure  9.  ELECTRON  FRACTOGRAPHS 
OF  THE  1%  OUAD  ALLOY  SHOWING 
FRACTURE  IN  (A)  AIR,  (B)  H„0,  AND 
(0  3.5%  NaCI  2 


ARMY  MATERIA!^  AND  MECHANICS  RESEARCH  CENTER 


1%  QUINT 


A.  AIR  - Mag.  2.500X 


B.  H?0  - Mag.  3,800X 


C.  50  PPM  Cl  - Mag.  3.000X 

Pyf. 


'•  v;^?> 
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D.  5u  PPM  Cl  + 0.1%  NaNo 
Mag.  3, 500X 
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E.  3.5 % NaCI 


- Mag.  3, 800X 


Figure  10.  ELECTRON  FRACTOGRAPHS 
OF  THE  1%  OUINT  ALLOY  SHOWING 
FRACTURE  IN  (A)  AIR,  (B)  H2O, 

(0  50  PPM  CHLORIDE,  (D)  50  0PM 
CHLORIDE  PLUS  0.1  M SODIUM 
NITRATE,  AND  (E)  3.5%  NaCI 
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Introduction 


Various  titanium-alloy  components  in  the  compressor  sections  of  modern 
airdraf  t-gas --turbine  engines  are  subjected  to  stresses,  temperatures , and  en- 
vironmental conditions  which  cause  hot-salt  stress-corrosion  cracking  (HSSCC) 
in  laboratory  testing.  Ironically,  no  definitely-identified  failures  of  this 
type  have  ever  occurred  in  service. 

First  observed  in  1955  during  the  creep  testing  of  perspiration  contam- 
inated specimens,  (1)  the  hot-salt  stress-corrosion  cracking  of  titanium 
alloys  has  been  extensively  studied.  (2-42)  This  research  has  permitted  many 
general  statements  to  be  made  regarding  the  environmentally-induced  delayed- 
failure  process. 

Numerous  models  have  been  proposed  to  describe  the  mechanism  by  which 
this  laboratory-observed  phenomenon  occurs.  (19,30,31,33,41)  Unfortunately, 
none  of  these  models  can  be  completely  rationalized  in  terms  of  the  general 
knowledge  which  presently  exists  on  corrosion  theory  and  hot-salt  stress- 
corrosion  cracking.  This  is  understandable  because  several  of  the  models  were 
proposed  prematurely;  subsequent  research  revealed  important  factors  which  had 
not  been  considered  by  the  earlier  investigators.  Other  models  are  considered 
to  be  inadequate  because  they  were  either  based  upon  hypothesis,  or  they 
failed  to  corrpletely  describe  the  electrochemistry  involved. 

It  is  the  purpose  of  this  paper  to  present  an  impccved  model  for  the  hot- 
salt  stress-corrosion  cracking  of  titanium  alloys.  This  explanation  of  the 
mechanism  is  based  up^r.  data  and  verified  observations  which  have  been  reported 
in  the  literature.  Basically,  it  will  be  shewn  that  corrosion-produced  hydrogen 
is  responsible  for  the  premature  failure  which  can  occur  when  tensile -stressed 
titanium  alloys  are  exposed  to  hot-salt  environments. 

General  Statements  on  HSSC 

In  many  respects , the  HSSCC  of  titanium  alloys  is  similar  to  the  environ- 
ments i.ly- induced-del aved-f ai lore  which  has  been  observed  for  other  materials. 
Surface  tensile  stresses  and  a susceptible  environment  are  required  if  crack- 
ing is  to  occur.  Unalloyed  titanium  is  not  susceptible  to  the  deleterious 
phenomenon.  It  is  also  knewn  that  the  time-to-failure  decreases  as  the  tensile 
stress  increases,  the  time-to-failure  can  be  significantly  extended  by  small 
cathodic  currents,  a minimum  or  threshold  stress  is  required,  an  incubation 
period  precedes  crack  initiation,  and  the  cracks  propagate  primarily  intergran- 
ular ly. 

Other  factors  which  must  be  considered  in  the  development  of  a HSSCC  mech- 
anism are  more  specifically  related  to  titanium  alloys. 
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HSSCC  can  be  expected  to  occur  ..’hen  titanium  alloys  are  exposed  to  certain 
chlori de-oon taining  envirorenents  ov*.  • the  temperature  range  of  about  925  to 
950°F  (220  to  510OG).  - The  ttienHi  .'ivironment  mist  be  continuously  maintained. 
Otherwise,  cracking  nay  not  occur  in  a reasonable  time  period.  Certain  thermal 
cycles  wliich  allow  the  specimens  to  be  periodically  exposed  at  ambient  terpena- 
tures  mitigate  HSSOI.  (20,39)  Cracking  does  not  occur  at  tenperatures  above 
about  950°F  (510<>C)  because  titanium  alloys  are  creep  limited;  further,  rapid 
general  corrosion  occurs  at  these  elevated  temperatvtres.  bracking  probably  has 
rot  been  observed  at  temperatures  below  about  925QF  (220°C)  because  of  the  ex- 
tremely long  incubation  periods  which  would  he  required  for  cracking;  further, 
thermal  energy  is  required  for  pyrohvaro lysis  of  titanium  chloride. 

Oxygen  (8,11,19,26,33,91)  and  at  least  a small  amount  of  moisture  (5,19,26,33) 
are  required  for  HSSCC.  The  water  oould  come  from  the  atmosphere  or  fluid  inclu- 
sions (30)  retained  in  the  salt. 

It  is  also  known  that  very  small  concentrations  of  salt  deposits  (0.05  to 
2 mg/ in?)  can  cause  HSSCC. (19)  Concentratiuns  of  this  magnitude  and  greater 
exist  on  the  compressor  oonponents  of  aircraft-gas-turbine  engines.  (7) 

Tire  fined  environmental  factor  which  must  be  core  idered  is  the  presence  of 
sodium  hydroxide.  When  sufficient  quantities  of  6odi.m  hydroxide  are  available, 
the  HSSCC  phenomenon  appears  to  be  inhibited.  (11,33) 

Ccnpressive  stresses  on  the  surface  tend  to  mitigate  the  corrosion  process. 
(5,20)  It  is  also  known  tiiat  the  presence  of  fatigue  pre-cracks  Jo  not  decrease 
the  cracking  tirae-to-failure.  (3,19,36) 

Earlier  investigator*  have  presented  evidence  to  show  that  titanium  chloride 
(26,37)  and  titanium  hydroxide  (or  titanium  oxide) (11, 37)  are  involved  in  the 
corrosion  process.  Hydrogen,  however,  is  the  inf orxant  end  product  of  the 
electrochemical  process.  Hydrogen  diffuses  into  the  titanium  alloy  prior  to 
cracking  (17,18,21);  veqry  high  localized  concentrations  of  hydrogen  are  known  to 
exist  near  the  cracks  when  HSSCC  does  occur. (17,16,33)  The  embrittlement  which 
is  induced  before  cracking  can  be  reduced/eliminated  by  vacuum  annealing.  (6,12) 
Although  it  cannot  be  firmly  establi sited  whether  hydrogen**  or  a titanium 
hydride  (lH,20)  is  involved,  the  species  present  is  not  considered  to  be  impor- 
tant. The  important  fact  is  that  dissolved  hvdrogen  must  be  present  in  suffic- 
ient quantities  af  cracking  is  “o  occur. 

Proposed  todel  for  rSSCC 

Using  the  documented  observations  .Idch  have  been  described,  it  is  reason- 
able to  believe  that  an  improved  mode1  rr  HSSOT  can  be  proposed. 

The  hot  titanium  alloy  surface  is  ■evarad  with  salt  deposits  and  an  ad- 
sorbed moisture  film;  oxygen  exists  Li  A in-oontact-with  this  electrolyte 
(Figure  1A) . Being  a boundary  layer  ft.  the  aggressive  environment  would  not 
be  removed  by  high  velocity  gases  which  u'.ght  pass  over  it.  This  is  consistent 


*A1  though  other  halides  reportedly  can  cause  HTSX  (30),  it  will  be  assumed 
that  chloride  is  the  aggressive  ion  for  this  discussion. 

* *Dabri trt lanent  could  be  caused  by  the  interaction  of  hydrogen  with  dislocations 

or  grain  boundaries  in  such  a manner  as  to  inhibit  stresa-r  Vieving  slip  and 
facilitate  crack  nucleation. 


rt/ith  the  observation  tliat  salt  deposits  exist  on  eas- turbine-engine  compressor 
axrponents.  (7)  Laboratory  testing  lias  also  shown  that  increasing  gas  velocit- 
ies have  little,  if  any,  effect  on  the  HSSCC  tine- to- failure.  (5,19,20,37) 

Pitting  oorrosion  occurs  under  salt  deposits  on  the  alloy  s»irface  where 
the  passive  film  has  failed  and  cannot  lie  repaired  because  of  the  high-chloride 
concentration  (Figure  10.(44)  Localized  breakdown  of  the  passive  film  would 
tend  to  be  facilitated  by  the  presence  of  a surface  tensile  stress.  This  is 
a logical  analysis  because  it  is  well  established  that  passive  films  on  an  un- 
stressed metal  surface  are  continuously  breaking  down  and  being  repaired  on  a 
microscopic  scale.  (45)  (It  is  also  possible  tliat  the  salt  deposit  itself  may 
locally  destroy  the  passive  film. ) fatting  in  the  low-oxygen  content  electro- 
lyte un<ler  the  salt  deposit  would  occur  according  to  the  anodic  reaction: 

Ti ► Ti'-n  ♦ ne  # where  n = 2,  3,  or  4 (Figure  2). 

The  cathodic  reaction  which  would  occur  in  the  higher-oxygen-content 
electrolyte  adjacent  co  the  salt  deposit  would  be  the  reduction  of  oxygen,  ac- 
cording to  the  ’-eaction:  02  ♦ 2H2O  + 4e ► 40H“  . Analysis  of  this 

reaction  and  appreciation  far  the  Guldberg  Waage  law  of  Mass  Action  sltow  why 
oxygen  and  moisture  are  required  if  corrosion  of  the  titanium  alloy  is  to  occur. 
It  also  shews  why  increasing  the  hydroxide- ion  content  of  the  electrolyte  (e.g. , 
oy  adding  sodium  hydroxide)  stifles  t)ie  HSSCC  p.'ocess. 

After  trie  pit  lias  formed,  electrolyte  would  fill  this  void  by  capillary 
action.  A net  positive  cliarge  would  develop  in  the  pit  electrolyte  because  of 
tiie  anodic  dissolution  of  titanium.  This  charge  would  lie  neutralized  by  the 
diffusion  of  chloride  10ns  into  the  pit.  Any  oxygen  in  the  pit  would  rapidly 
be  consumed;  further,  the  concentrated  solution  in  the  pit  wouldn't  tolerate 
the  presence  of  oxygen.  The  oxygen  content  of  the  pit  electrolyte  would  rapidly 
approach  zero.  In  the  pit , titaniim  ions  would  react  with  the  chlorides  to 
form  titanium  chloride  (e.g.,  TiCi,).  This  is  consistent  with  the  observation 
that  titaniun  chloride  has  been  detected  as  a corrosion  product  during 
HSSCC. (26,37) 

Pyrchydrolysis  (S,33)  of  the  titanium  chloride  (TiCln)  in  the  pit  would 
occur  according  to  the  general  reaction:  TiCln  ♦ nl^O  A Ti(0H)n  + nH*  + 

nCl“  . More  specifically,  one  reaction  could  be:  TiCl2  + 2H2P  i m-  Ti02  + 
41H  ♦ 2C1“  . The  hydrogen-ion  concentration  in  the  pit  <<rould  increase  and  per 
rnit  a secondary  cathodic  reaction,  the  reduction  of  hydrogen  ions  witliin  the  pit 
to  occur:  H*  ♦ e — ► H . This  is  the  source  of  the  monatomic  hydrogen 

required  for  the  cracking  process. 

Hydrogen  formed  at  these  secondary  -ca  tliodic  sites  within  the  pit  would 
readily  diffuse  into  the  titanium  alloy.  The  hydrogen  would  concentrate  in 
the  imnediate  vicinity  of  tie  tensile  stresses  which  exist  in  the  titanium 
alloy  at  the  base  of  the  corrosion  pit  (Figure  ID).  Providing  the  tensile 
stresses  and  temperature  are  nwintained  for  a sufficiently  long  time  period, 
this  local! zed-hydrogen  content  could  easily  exceed  100G  ppm  (23).  As  the 
localized  hydrogen  content  increases,  the  fracture  toughness  of  this  region 
would  be  markedly  decreased.  Eventually,  the  stress- intensity  factor  at  the 
base  of  the  corrosion  pit  would  exceed  the  fracture  toughness  of  the  hydrogen- 
concentrated  region.  A crack  would  then  propagate  through  tlve  concentrated- 
hydrogen  region  (Figure  IE).  Cracking  would  stop  as  soon  as  the  crack  tip 
came  in  contact  with  a region  sufficiently  lower  in  hydrogen  than  that  re- 
quired for  crack  propagation.  At  the  crack  tip,  riowever,  additional  hydrogen 
would  be  generated;  this  would  ultimately  reduce  the  fracture  toughness  of  a 
second  region  and  permit  additional  crack  propagation.  This  sequence  of  events 
would  be  repeated  until  the  renainipg  sound  metal  oould  no  longer  support  the 
applied  load.  Failure  of  the  specimen  by  rapid  crack  propagation  associated 
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with  the  instantaneous  release  of  stored  elastic  energy  would  then  occur. 

Once  the  crack  had  been  initiated,  it  is  also  reasonable  to  believe  that 
each  subsequent  crack  increment  would  occur  more  rapidly  because  a lower-hy- 
drogen content  would  be  required  to  achieve  the  critical  stress-intensity 
factor. 

The  model  described  is  consistent  with  all  observations  which  have  been 
verified  on  the  HSSCC  of  titanium  alloys.  It  also  can  be  ased  to  explain  why 
failures  probably  have  not  been  observed  in*  service.  Time  is  required  for 
pit  initiation  and  diffusion  of  hydrogen  into  the  titanium  alloy.  Unless  suf- 
ficient localized  hydrogen  diffuses  into  the  substrate,  the  stress- intensity 
factor  at  the  base  of  the  corrosion  pit  will  never  exceed  the  fracture  tough- 
ness of  the  hydrogen-affected  region;  the  crack  cannot  be  incubated.  Further, 
if  the  stress  is  relaxed  prior  to  crack  initiation,  the  hydrogen  would  diffuse 
from  the  localized  region  of  high  tensile  stress  which  exists  at  the  base  of 
the  corrosion  pit. 

Unless  titanium-alloy  components  in  an  aircraft-gas-turbine  engine  are 
operated  at  high  tensile  stresses  for  sufficient ly-long  time  periods,  the  lo- 
calized hydrogen  content  will  never  exceed  the  critical  value  required  for 
crack  initiation.  Typical  aircraft  operations  are  of  relatively  short  duration; 
they  do  not  exceed  the  time  required  for  crack  initiation.  Fortunately,  also, 
tire  hydrogen  damage  is  not  cumulative.  Each  flight  requires  that  the  localized 
hydrogen  region  (necessary  for  cracking)  be  re-established. 
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Preceding  page  blank 


ABSTRACT 


The  corroalon  resistance  of  laboratory  produced  Aided  7050  aheet  haa  been  deter- 
mined in  a NaCl-S02  environment.  The  cladding  ltaelf  haa  good  corroalon  propertlea 
and  effectively  protects  the  core  from  attack.  Surface  treatmenta  auch  aa  chromate 
converalon  coating*  and  anodising  retard  the  rate  of  aacriflcial  attack  of  the 
cladding. 


INTRODUCTION 

Under  a Naval  Air  Syatema  Conasand  contract  (1),  Alcoa  Technical  Center  developed  a 
cladding  for  7050  aheet  that  would  aacriflcial ly  protect  the  core  without  appreciably 
reducing  mechanical  properties.  The  Naval  Air  Development  Center  was  tasked  to 
determine  the  corrosion  resistance  of  the  clad  7050  sheet  in  the  salt-sulfur  en- 
vironment in  which  carrier  based  naval  aircraft  operate.  Protection  provided  by 
chromatlng  and  anodizing  was  also  determined. 

EXPERIMENTAL  PROCEDURE 


Material 

The  Alcoa  Technical  Center  furnished  three  sheets  of  Alclad  7050-T76,  0.180  in.  x 
12  in.  x 36  in.  (Lot  No.  S-412843).  These  sheets  were  produced  in  the  Alcoa 
laboratories.  Nominal  composltlona  of  the  7050  core  and  the  cladding  are  as 
follows: 


PERCENTAGE 


Zn 

M8 

Cu 

Zr 

Si 

Fe 

Ti 

Cr 

Mn 

Core 

6.0 

2.3  2.5 

0.1 

0.12* 

0.15* 

0.06* 

0.04* 

0.10* 

Cladding 

5.0 

1.1  0.03* 

0.1 

0.10* 

0.08* 

0.03* 

0.00 

0.10* 

* maximum  limit 


The  thickness  of  the  cladding  was  measured  microscopically  and  averaged  3.5  to  5.0 
mils  on  a side. 

Corroalon  Teste 


Triplicate  panels  3 in.  x 10  in.  x .087  in.  were  used  for  the  corrosion  tests. 
Exposure  times  in  the  salt-S02  salt  fog  cabinet  were  4,  6,  and  8 weeka.  Operating 
conditions  for  this  test  are: 

5Z  Salt  Solution  - pH  6. 5-7. 2 
Tower  Temperature  - 115°F  + 2 
Cabinet  Temperature  - 95°F  + 2 
SO2  gas  Injection  - 1 hour/6  hour  cycle  at  a flow 
rate  of  25  cc/min. 

Stepped  panels  were  machined  to  expose  the  core  at  the  T/4  and  T/2  planes  (one 
quarter  through  the  thlcknesa  and  the  midplane)  in  addition  to  the  as  clad  surface 
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to  ascertain  corrosion  behavior  throughout  the  thickness  of  the  sheet.  A flap 
brush  was  used  to  remove  the  machining  marks. 

Panels  were  exposed  as  received,  also  chromated  with  a MIL-C-81706  chemical  film 
or  anodized  with  MIL-A-8625  coatings,  both  Type  I and  II,  followed  by  a dlchromate 
seal.  Some  of  the  panele  hed  crosses  of  three  widths,  1/16,  1/8  and  1/4  in. 
machined  through  the  cladding  to  expose  the  core.  This  was  done  to  ascertain  the 
degree  of  sacrificial  protection  afforded  by  the  cladding  to  the  core,  including 
its  throwing  power. 

RESULTS  AMD  DISCUSSION 

The  as  received  clad  surface  had  a very  mottled  appearance  over  large  areas  of  the 
sheets.  The  Alcoa  Technical  Center  was  contacted  ac  to  whether  the  material 
should  be  tested  as  received  or  whether  the  surface  should  be  abraded  with  nylon 
pads  cr  a flap  brush  to  remove  the  scale.  It  was  reconmended  that  the  material 
be  tested  as  received. 

This  mottled  appearance  was  not  removed  by  the  non-etch  alkaline  cleaning  or  de- 
oxidizing solutions  and  influenced  the  visual  quality  of  the  (subsequent  chromate 
coating.  The  anodized  coatings,  as  far  as  appearance  was  concerned,  were  not  so 
affected. 

Figure  1 shows  the  appearance  of  the  as-received  surface  after  4,  6 and  8 weeks 
exposure  in  salt  spray.  The  cladding  proved  to  be  very  effective  in  protecting 
the  core.  The  cladding  itself  underwent  general,  uniform  pitting  attack. 

The  corrosion  behavior  of  the  cladding  is  seen  more  clearly  at  higher  magnification. 
Figure  2 Is  a cross  section  of  the  as  received  sheet.  Figures  3,  4and  5 are 
photomicrographs  taken  of  pa  \els  exposed  to  salt  spray  which  were  cross-sectioned 
through  the  1/16  in.  wide  scribe.  After  4 weeks,  the  cladding  thickness  has  been 
reduced  at  least  50%.  After  6 weeks  there  is  further  reduction  and  at  8 weeks  no 
cladding  is  evident. 

An  8-week  specimen  was  also  sectioned  at  the  1/8  and  1/4  in.  scribes  to  determine 
throwing  power  of  the  cladding.  There  was  no  attack  in  the  1/8  in.  scribe  and  only 
one  small  area  in  the  1/4  in.  scribe. 

Figure  6 shows  the  appearance  of  the  stepped  panels  after  4 weeks  salt  spray. 

After  2 weeks  the  core  surfaces  were  showing  severe  pitting  attack  and  some 
exfoliation  which  worsened  with  time  (Figure  7).  The  cladding  alloy  has  better 
corrosion  resistance  than  the  core  alloy  (when  cladding  is  not  providing  sacri- 
ficial protection  to  core). 

Chroraated  and  anodized  panels  are  shown  in  Figures  8,  9 and  10  after  exposure 
times  of  4,  6 and  8 weeks,  respectively.  The  coatings  performed  as  expected, 
the  chromate  conversion  coating  showing  the  most  attack,  the  Type  II  acodize 
the  least. 

Again,  the  photomicrographs  provide  more  quantitative  evaluation  of  the  protection 
afforded  to  the  cladding  by  surface  treatments.  Figures  11,  12  and  13  are  cross- 
sections  through  treated  panels  exposed  for  8 weeks  in  the  NaCl-S02  cabinet. 

These  should  be  compared  with  Figure  5 of  an  untreated  panel  after  8 weeks  when 
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the  cladding  has  been  totally  consumed.  All  three  treatments  protected  the 
cladding  to  some  extent,  the  cladding  showing  approximately  a' 50%  reduction  in 
the  same  period. 

Figures  14,  15  and  16  show  the  corrosion  resistance  of  the  various  treatments 
after  4,  6 and  8 weeks  respectively.  The  sulfuric  acid  anodized/dlchromate 
sealed  treatment  in  itself  has  the  best  corrosion  resistance. 

Paint  films  were  not  Included  in  this  study  since  their  performance  over  the 
above  surface  treatments  was  comprehensively  presented  in  a previous  publica- 
tion (2).  If  sufface  treated  Alclad  7050  is  to  be  painted  with  a MIL-P-22750 
inhibited  epoxy  primer  and  a topcoat,  the  MIL-C-81706  chromate  providec  better 
paint  adhesion  than  the  anodized  coatings. 

CONCLUSIONS 

1.  Laboratory  produced  Alclad  7050  sheet  has  good  corrosion  resistance  and 
adequately  protects  the  core  from  attack  in  a aalfSO  environment. 

2.  The  use  of  surface  treatments,  either  a MIL-C-81706  chromate  conversion  or 
MIL-A-8625,  Type  I and  II,  anodized  coatings  (dichromate  sealed)  retards  the 
rate  of  sacrificial  attack  of  the  cladding. 

3.  For  applications  where  a paint  system  is  to  b*  used,  the  MIL-C-81706  chromate 
treatment  provides  the  best  paint  adhesion. 

4.  For  applications  where  paint  systems  will  not  be  used,  a MIL-A-8625,  Type  II/ 
dichromate  sealed  coating  provides  the  Dost  corrosion  protection  to  the  cladding. 
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6 WEEKS 


Figure  1.  Alclad  7050  with  no  surface  treatments  after  various  times  in 
NaCl-S02  salt  spray  (corrosion  products  removed). 
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Figure  3.  Cross-section  through  1/16  In.  scribe  on  clad  7050  after  4 weeks. 
Cladding  thickness  reduced  by  501 
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Figure  4.  Cross-section  through  1/16  In.  scribe  on  clad  7050  after  6 weeks 
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Figure  6.  Stepped  panel  with  as  received  surface,  and  the  T/4  and  T/2  planes 
exposed  to  NaCl-SO,  salt  spray  for  4 weeks.  Panel  on  the  right  has 
had  corrosion  products  removed  In  chromic -phosphoric  acid  solution. 
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Figure  8.  4 weeks  in  NaCl-S0o  sale  spray 
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Figure  9.  6 weeks  In  NaCl-SO.  salt  apray 


MIL-A 

Type 

MIL-C-81706  Dlchroa 

-8625 

I 

ate  Seal  D1 

HIL-A-8625 
Type  II 
chrooata  Sael 

MXL-C-81706 


MIL-A-8625 
Type  I 

Dichromata  Seal 


MIL-A-8625 
Type  II 

DlehrmMf*  SmI 


Figure  10.  8 weeks  In  NaCl-SO-  salt  spray 
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Figure  15.  6 weeks  in  MaCl-SO-  salt  spray 
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Figure  16.  8 week*  in  NaCl-SO^  salt  spray 


